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FOREWORD

The decade of the eighties has seen a rapid acceleration in the demand for

more sophisticated technology in all aspects of the space program. Nowhere is thls

trend more evident than in the field of space power system technology, where pro-

Jected power requirements range from a few kilowatts to megawatts and where

increased emphasis Is placed on hlgh performance, reliability, and extended llfe-
time. At the same time, there has been an increased awareness of the effect of

llfe cycle costs on total space mission costs. All of these factors, when coupled

together, have spawned an intense interest In power generation using technologies
that compete with photovoltaics, namely nuclear and solar thermal systems. The

challenge to the space photovoltalc community is both harsh and clear. It is

imperative that we fully understand the nature of future mission requirements and

drivers, and that we meet them with new and enabling photovoltalc technology. The

Space Photovoltalc Research and Technology (SPRAT) Conference provides a forum for

the presentation of new ideas, issues, and challenges. Its purpose Is to help

direct the national space photovoltalc effort by providing the latest information

available not only to members of the technical community, but to program planners
In government and industry as well.

The structure of the conference was altered this year to include five work-

shops. Two of these because of the complexity of their topics and potential wide-
spread interest, were convened for two sessions rather than one, as would be normal.

The remaining three were more narrowly focused and were concluded in a single ses-
slon. The workshop topics were as follows:

High Power/Large Area Systems (2 days)

Opportunities for PV Applications (2 days)

GaAs High Efficiency Limits

Device Modeling
InP Materlals/Cell Fabrication

The workshops (In the order listed) were chaired by the following persons:

Joseph Wise, AFWAL, and Cosmo Baraona, NASA Lewis

John Scott-Monck, JPL, and Patrick Rahllly, Aerospace Corp.
Mark Spltzer, Spire Corp.

Richard Schwartz, Purdue University
Timothy Coutts, SERI

Workshop summaries were presented in oral session during the conference, and
notes from those summaries have been included in this volume.

Key recommendations were made from the workshop dellberatlons:

• Photovoltalcs must address system cost-reduclng approaches to be

viable for hlgh power applications.

• It Is crucial to have a PV option available for space station Inltlal

operational capability (IOC) add-on power In case a solar dynamic
system is not ready.
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• The dot Junction geometry in III-V compounds should be investigated.

(Radiation damage may be a key issue.)

• An improved fundamental understanding and more sophisticated modeling

techniques (two-dlmenslonal and Monte Carlo) are needed to further

improve PV cell technology.

• The potential for 20 percent InP cells looks real.

This meeting may well be considered a landmark in the series, not only for the
relevance of its output, but also for the opportunity it provided to introduce the

potential of InP as a space solar cell material. The space PV community's growing
interest in that material Is illustrated by the very comprehensive report given by

that working group. Although InP cell research and technology is at a relatlvely

early stage compared with silicon and GaAs devices, AMO efficiency gains in the

past 2 years have been impressive. There are, in addition, the intriguing prellmi_

nary results on the response of InP cells to electron and proton irradiations in
the laboratory which suggest a vastly superior radiation resistance. The implica-

tions for future space PV systems are enormous.

The conference was organized by Michael Plszczor of the Lewis Research Center.

He was ably assisted by Brian Good, Carrie Clapper, Pat Nicewander, and many other

members of the Photovoltalc Branch.

Dennis 3. Flood

Chief, Photovoltalc Branch
NASA Lewis Research Center Cleveland, Ohio 44135
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AN OVERVIEW OF PHOTOVOLTAIC APPLICATIONS IN SPACE

Robert A. Wasel

NASA Headquarters

Washington, D.C.

Power is certainly the backbone, the vital force of our program in space. As
on earth, there is little we can do without it. Of all our space power sources, by
far the most important is photovoltaic (PV) power (Fig. I). Radioactive thermo-
electric generators (RTG's) are also necessary for outer planetary missions where
solar power is less effective. Not shown here but potentially an important power
source of the future is the small nuclear reactor. Significant DOE and DOD funds
are being utilized to develop a system capable of producing over I00 KW of power
(SP-IO0) in the early 1990's. But little will occur in the near future to change
this predominance of PV power, in fact there are environmental concerns that could
lead to limitations on the use of RTG's, adding to the requirements for PV systems.

Fortunately for the satellite managers, PV system technology is improving at an
impressive rate. Considering all the advanced spacecraft technologies, it is cer-
tainly among the leaders in performance improvements. NASA is a major participant
in supporting PV technology and we are a primary user. The NASA PV effort is car-
ried out in three parts: cell research at our Lewis Research Center (LeRC); con-
centrator research at our Marshall Space Flight Center (MSFC); and the lightweight
array program at the Jet Propulsion Laboratory (JPL). LeRC acts as our Lead Center
for overall coordination. Significant improvements have been made in all three
areas and more are on the horizon.

PV systems contribute at all levels of NASA mission requirements (Fig. 2). Low
to intermediate power levels are required for unmanned low earth orbit and inner
planetary missions. Intermediate to high power levels are necessary for geosta-
tionary, lunar, outer planet, space station and electric propulsion thrusters.
Incidentally, electric propulsion offers an interesting symbiosis with PV if they
are selected for an outer planet mission. The PV system must be sized to produce a
given power level in the low-solar intensity at the operating area. This array
would be dramatically oversized in the early phase of the mission, near earth. The
surplus could be used to power an electric thruster, shortening the trip time or
increasing the payload. For example, if 500 w_tts are required at the end of a
year of orbiting in the radiation environment of Jupiter, the required array could
produce over 20 KW in the earth orbit for high efficiency electric thrusters.

NASA PV technology has developed along two paths (Fig. 3), one toward high
power, the other high efficiency. High power will be attained through concentrator
cells and reflecting arrays. Our goal here is to produce 200 watts/m 2, twice the
level demonstrated in the collapsible array flown on the Space Shuttle in the SEPS
experiment. For applications where weight is at a premium, we will use our most
efficient, radiation tolerant cells with advanced deployment systems to attain our
goal of 300 watts/Kg. JPL currently has designs in hand that are capable of 130
watts/Kg, almost twice the level of the SEPS flight test.

For high power requirements in earth orbit, like the Space Station, drag area
becomes a consideration. Figure 4 shows the size advantage that the advanced con-



centrator cells offer. By using these 5mmsquare GaAscells and efficient concen-
trator lenses, the required cell area is reduced, not only to less than half that
required for current planar silicon arrays, but to even less area than that pro-
jected for the large focusing dish liquid organic rankine cycle power generators
which are candidates for the Space Station.

In addition to the development of the lightest and highest efficiency arrays,
lifetime characteristics are increasing in importance. Current arrays, if exposed
to radiation, are certain to lose performance capability. Missions in the Van
Allen belts or near Jupiter may see 50%degradation during a year, meaning that the
initial array must be twice the normal size and weight. In this case an improve-
ment in cell radiation resistance is a direct payload increase. In Figure 5, note
that current silicon cells are almost destroyed by seven years in the radiation
belts. GaAsoffers a significant improvement, and Indium Phosphide (InP) is prob-
ably the best material tried to date. Of course the ultimate objective is a cell
that is completely unaffected by radiation, or one that anneals or heals itself at
ambient temperature.

The attendees at this meeting have made great strides in PV technology. Some
of these are shownon Figure 6, and a number of additional ones are in store,
perhaps to be reported at this meeting. What are the next mission opportunities?
Several are illustrated in Fig. 7. The Space Station and its "satellites," the
polar and co-orbiting platforms. These could be opportunities for advanced con-
cepts, but may be restrained by conservatism or modularity for interchange-
ability. RTG's have the spectre of radioactive-during-launch to contend with, but
are so remarkably efficient for outer-solar system missions that it would be a real
challenge to replace them. SDI applications are not yet defined, but are sure to
be interesting.

In addition to these, NASAhas been getting a great deal of encouragement from
advisory committees to expand its programs and research efforts. The prestigious
National Commissionon Space (NCOSChairman Dr. ThomasPaine) after noting that the
funding of SpaceR&Tat NASAhad dropped from over $800Min 1965 to less than $200M
in 1986, stated that "NASA'Sspace research and technology program should be trip-
led, moving from its current 2%of NASA'sbudget to 6%." In terms of our 1987 bud-
get this would be an increase from $170Mto over $500M. Other advisory committees
showed a remarkable concensus - that there should be a 2-3 times increase in NASA
Space R&T to correct technology deficiencies. This advise was received from the
Aeronautics and Space Engineering Board of the National Academyof Sciences, NASA's
Space Systems Technology Advisory Committee, the American Institute of Aeronautics
and Astronautics and the National Security Study Directive Team.

The NCOSalso recommendedan ambitious series of projects to be added to the
NASAmission plan. Fig. 8 shows the NASAfuture mission blueprint with the NCOS
additional proposed missions in boxes. NASAhas already responded to this NCOS
challenge and a proposal for a significant R&Dprogram increase is being considered
for FY 1988. Photovoltaic systems will obviously be an important part of any
acceleration of space technology effort. The Initial Operational Configuration
(IOC) Space Station will depend on PV systems for one half of its 75 Kwpower. The
system design is extremely conservative (about 25 w/kg), so a great deal of im-
provement is possible, ideally in time to contend for the "Growth" Station in the
late 1990's which will require several hundred kilowatts. The next major NASA
undertaking maybe a Lunar base, potentially in 2010. Next to life support, power
may be the most important issue. Power not only for the occupants and their exper-
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iments but possibly for on-site operations such as propellant manufacturing. PV
systems would be a reasonable contender for generating someof this power, probably
in the hundreds of kilowatts, particularly if there is an efficient lightweight,
low cost, transportable concept by that time. It might be shipped in a roll like
a window shade and simply layed on the surface.

Meanwhile, the United States is not alone in space or in the development of PV
systems for space. Fig. 9 shows the USSRSalyut 7 manned space craft with an
appended module, currently in orbit as part of their manned station program.
Salyut 7 was launched in 1982 with silicon cell solar arrays capable of generating
4KW. Within the next two years, this solar array was supplemented by the small
extendable arrays shown beside the central array. These were reported to be gal-
lium arsenide (GaAs) cells, the first to be used operationally in space. The GaAs
arrays produced about 4 KW. This USSRcapability should be a very sobering
challenge to the attendees of this meeting, the technologists, researchers and
managersof PV programs in this country.

In summary, PV has made possible much of our scientific accomplishments in
space and with proper support and progress in the R&Dcommunity it will continue
its contributions.

POWERISTHEBACKBONE/VITALFORCEBEHIND
THESPACEPROGRAM

• PV IS THE PRIIqARY _ SOURCE

POWERPRODUCEDFOR NASA RISSIONS

(DOES NOT INCLUDE SPACE SHUTTLE)

Figure I.
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AIR FORCE AND DOD SOLAR POWER REQUIREMENTS

Joseph F. Wise
AF Wright Aeronautical Laboratories

Wright-Patterson AFB, Ohio

The Air Force and other members of the Department of Defense have been
operating in space since our space program began in 1957. Power requirements
have grown to meet the needs of critical missions and in concert with launch
vehicle capabilities. The performance parameters which have made photovoltaic
solar cell arrays the principal power supplier for these satellite missions are
long life, reliability, minimum vehicle disturbance, low weight and reasonable
cost. These parameters will continue to make photovoltaics the primary choice for
space power systems provided we develop the component and system technology needed
for future, higher power, survivable systems.

Two major activities are guiding and determing future space missions and their
power requirements - the Strategic Defense Initiative (SDI) and Project Forecast 2
(PF2). The SDI power requirements range from lO's to lO0's of kilowatts
steady-state power to many megawatts of burst or pulse power. (I) In addition,
these systems are to be survivable, long life, affordable, and able to function
under a variety of launch, operation and emergency conditions. The missions
outlined under PF2 project new requirements for the traditional missions as well as
new missions. These new requirements include survivability from not only direct
attack, but also such electronic threats requiring antijamming, secure data and
communication links, and operation without ground station support. These emerging
requirements are driving the power needs up to the 50 to 100 kilowatt range for
certain critical missions, but the bulk of the satellite power needs will be below
25 kW in the next 15 years.

There are several critical technologies that need to be developed to enable
these new or expanded missions to be accomplished. These include survivability
which includes weapon threats, environmental interactions, hardening and autonomy,
longer life, higher power density and efficiency, and minimum vehicle disturbance.
The specific technologies needed are shown in Table I.

Future system power requirements beyond 1995 will grow to the hundreds of
kilowatts. This in turn requires on-orbit assembly and servicing, modularity, and
standardization of interfaces. With a well supported photovoltaics program, I feel
we can meet the needs of future systems with the most versatile, light weight, long
life, and economical technology.

FUTURE SPACE POWERREQUIREMENTS

Studies relative to Air Force and Department of Defense missions for the
future indicate requirements for increased capabilities and survivability of the
standard missions as well as new missions in the areas of transportation and
defense. Mission expansion requirements include improved surveillance both

'__ING PAGE BLANK NOT PILMj_3



infrared detection and radar, more secure data links to resist the effects of
scrambling or signal upset, jamming, and functioning with fewer ground stations
should some Earth geological areas be denied to us. These expanded capabilities
push near-term requirements to the 50 kW power level for survivable system
technology although many vehicle power requirements will still be below 25 kW.
Figure I shows the trend in future power requirements. New missions such as Orbital
Transfer Vehicle and Strategic Defense systems project not only higher power levels
but newer requirements for radiation resistance and annealability, maneuverability
and possibly on-orbit assembly, servicing and maintenance. These new missions may
also require very large pulse or burst power as shown in Figure 2. The
photovoltaic/battery supply would not supply all the power needed - specifically the
burst power may utilize a chemical source - but the technology to handle the base
load and the alert mode should be developed. These vehicle missions represent a

large investment and need to operate I0 years or more.

TECHNOLOGY REQUIRED

The primary future power need is for survivable systems up to 50 KW. The
concentrator concept being developed under the Air Force Survivable Concentrator
Photovoltaic Array (SCOPA) program is our first attempt to meet this need from a
hardening to laser and nuclear weapons standpoint. This concentrator is also a
prime candidate for operation in high radiation environments because of the inherent
shielding afforded to the solar cells by the metallic reflector optics. This is
thus enabling technology for "Belt Fliers" in mid altitude orbits which traverse
the Van Allen belts. Other aspects of survivability are being investigated in the
Aero Propulsion Laboratory's program, Enhanced Survivability Array. This includes
both increased hardening of array components as well as developing the technology
for autonomous operation and control of solar cell arrays. Table II (2) presents a
summary of what controls are needed to provide autonomy. Similar functions are
needed for the other power subsystems such as Energy Storage, Power Conditioning
and Switching, and Electrical Power System Management. One possible approach to
achieving this is the use of artificial intelligence in the power system subsystem
microprocessor controllers and to develop the algorithms for all operational,
malfunction, or damage conditions. The third technology needed to be developed is
thin light weight solar cell arrays. A paper by John Scott-Monck in 1984 (3)
demonstrated that the potential for better than 200 watts/kg of the solar array was
achievable utilizing thin silicon solar cells of 16% efficiency. This kind of
technology is under development by the Jet Propulsion Laboratory except for the 16%
efficient thin silicon cell. A new thin GaAs solar cell technology is emerging and
will be reported on in this conference consisting of GaAs on thin germanium
substrates with a potential efficiency of 18 to 20% with a solar array performance
potential of i00 watts/Ib or better. The fourth capability needed for future
growth is development of solar cell concepts up to 30% efficiency. These cells
also need to withstand high radiation doses and relatively high temperatures (600C)
to be utilized in planar and contractor solar arrays. A 30% efficient solar cell
will permit us to achieve 300 to 350 watts/kg (150 watts/Ib) in a solar array and
with improvements in power conditioning and battery technology up to 25 watts/Ib
can be achieved in a complete power system (4). The fifth technology development
needed is how to design, develop, deploy, and operate high power survivable solar
power systems. Several workshops and studies have been conducted to define the
problems and the technologies needed in this area including the High Voltage High
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Power Solar Power System Study for the Air Force by LMSC, the High Voltage Design

Guide for the Air Force by Boeing (5), the Study of Multimegawatt Technology Needs

for Photovoltaic Space Power Systems by General Dynamics (6) and the Space Power
Workshop held by NASA LeRC in 1984 (7). These all identify new problems as shown in

Table Ill from environmental interactions with high voltage solar arrays from the

space plasma arcing and/or leakage, effects of natural and vehicle generated debris,

radiation effects, and the synergistic effects of several of these species

interacting simultaneously. Problems with high voltage will exist with all high

power systems-terrestrial, aircraft, or space - and we need to develop the
analytical and experimental tools to solve them. Flight experiments such as the
Voltage Operating Limit Test (VOLT) series planned by NASA and the Interactions

Measurement Payload for Shuttle (IMPS) series planned and under construction by the

Air Force are needed to acquire quantitative data in space to validate the models

and the plasma chamber experiments being conducted by NASA and the Air Force. The

Photovoltaic Array Space Power (PASP) flight experiment, shown in Figure 4, is part

of the IMPS/SPAS mission experiment and is to determine the performance and
environmental interactions of the polar and equitorial environments with oriented,

illuminated, voltage biased, advanced solar array modules. Both concentrator and

planar arrays and silicon and gallium arsenide solar cell modules will be tested

with bias voltages to +- 500 volts applied to simulate high voltage high power

solar cell arrays. Other technology needed besides understanding environmental

interactions is how to fabricate, launch, deploy or construct large power systems

in space. On-orbit construction and servicing will make new demands on ruggedness,
modularity and standardization of interfaces so that solar array modules can be

exchanged or replaced to improve system performance.

SUMMARY

Future power requirements are increasing for some expanded and new missions

within the Air Force and Department of Defense. New requirements are needed in

terms of lifetime, survivability, power level, and performance. The photovoltaic

arrays have a demonstrated record of reliable performance, life, affordable cost,

and utility; and they can be a prime contender for these future high power

missions. We need to push for the R & D resources needed to develop the technology
base for these future power system needs.
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Table I Needed Technology For Future Space Power Systems

Concentrator Solar Arrays

Autonomous Operation

Lightweight Thin Array Technology

High Efficiency Solar Cells for Planar and Concentrator Application

High Power System Capability, High Voltage, Min. Environ. Interaction

Survivability:

High Voltage:

Table II Solar Cell Array Autonomy Needs

Maintain Sun Orientation

Provide Power Management - On-Array Switching

Sense Malfunction and Damage - Reconfigure

Provide for Survivability and Graceful Degradation

Minimize Thermal Management Load - On-Array Switching

Annealing Radiation Damage to Array Segments

Monitor and Report Solar Array Status

Table III High Power System Concerns and Interactions

Direct Threats
Loss of Ground Station Links

Structure/Array:

Environmental Effects:

Arcing, Leakage
Corona
Beads of Pearls

Stowage
Deployment
Vehicle Interfaces
Plasma
Debris
Radiation
Thermal
Electrostatic
Solar Storms
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POINT CONTACT SILICON SOLAR CELLS

Richard M. Swanson

Stanford University

Stanford, California

A new type of silicon concentrator solar cell has been developed. It is called the point-

contact cell because the metal semiconductor contacts are restricted to an array of small

points on the back of the cell. The point contact cell has recently demonstrated 22 percent

conversion efficiency at one sun and 27.5 percent at 100 suns under an AM1.5 spectrum.

eT_e_

The point-contact cell derives its high efficiency from a synergistic combination of:

• Light trapping between a texturized top surface and a reflective bottom,

• Thin, high resistivity, high lifetime base,

• Small point contact diffusions, alternating between n-type and p-type in a polka-dot

pattern on the bottom, and

• Surface passivation on all surfaces between contact regions.

The operation and performance of experimental point contact cell is described in the

following figures.

This work supported

in part by the Electric Power Research Institute and the Department of Energy through
Sandia National Laboratories.
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Figure 1: Structure of the test cells currently being made. Both electrical leads are on

the back surface in an inter-digitated pattern. The metal touches the silicon only in

an array of points, alternating between n and p-type in a checkerboard pattern.

The cell is thin, around 100 pro, and fabricated of high lifetime, high resistivity

float-zone silicon. The regions between contacts are passivated with SiO2 and the

front surface is texturized.

16



SILICON
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Si 02

•'_'-'- Si O2

BACK

Figure 2: Light trapping is caused by the diffuse nature of scattering from a texturized

surface. If a photon is not absorbed upon reaching the back surface it is reflected

off the back surface reflector. If it is still not absorbed by time it reaches the tap

there is a very high probability (about 88 percent) that it will be beyond the angle

for total internal reflection and hence will be reflected back into the cell. Much of

the weakly absorbed near bandgap light is thus trapped within the cell.
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Figure 3: For high efficiency it is necessary to reduce carrier recombination as much as

possible. This is to provide for:

• Collecting as large a fraction of the photo-generated carriers as possible,

• Generating as large a voltage (which goes exponentially in the p-n product) as

possible, and

• Producing as much condl_ctivity modulation in the base, and hence reducing

base voltage drop, as much as possible.

The point contact cell reduces recombination by passivating the surfaces with SiO2,

using high lifetime float-zone silicon, and reducing the metal-semiconductor contact

fraction through the point contact scheme.
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Figure 4: A three dimensional model has been developed to explore the potential of the

cell and optimize the design. Important findings are:

• The contact spacing must be rather small to prevent excessive losses through

base spreading resistance at the contact diffusions.

•• The cell must be thin, in the 60 to 100 #m range, in order to keep the front

surface carrier density low enough that Auger recombination (which goes as

the third power of carrier density) does aot excessively limit collection

efficiency.

• The base lifetime must be over 500 #sec.

• The surface recombination velocity must be less than 10 cm/sec.

• The cell is capable of efficiencies of around 29 percent at 27 °C if the above

conditions are met.

This figure shows the calculated efficiency versus contact spacing at a cell

temperature of 330 K.
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One Sun Results AMI.5 100 mW/cm 2

Cell Thickness Texturized Efficiency Voc 3.

112 #m Yes 22.2% .681 V 41.5 mA/cm 2

152II-3B iII-IA No 18.5% .678 35.0

V mp Fill Factor
.582 V .786

.570 .778

Temp

24 °C

26

Figure 5: Important one sun parameters of the test cells are shown. This table

illustrates the importance of texturizing for improving the short circuit current.

1.0 l ! ! i ! ! !

o.s

_ 0.6

_ 0.4

0.2

0.0
550

texturized 112 pm cell _

4" q

, _'_*fUntexturizea 152 #m cell _ \-

,,'Y \ i

| I I l I I I

550 750 950

Wavelength (nm)

Figure 6: The spectral responsivity of a texturized and untexturized cell is shown. At

shorter wavelengths the texturizing has reduced the reflectivity, resulth_g in

improved response. Near the bandgap, however, the response has been dramatically

increased due to light trapping.
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Figure 7: The internal quantum efficiency is essentially unity until near the bandgap,
where competing absorption mechanisms, such as absorption in the back surface

mirror, become comparable to photo-absorption.
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Figure 8: The measured open circuit voltage and fill factor of a 113 pm texturized cell is

illustrated.
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Figure 9: The measured efficiency of the cell from the previous figure is presented. The

one sun efficiency is 22%, increasing to 27.5% at 100 suns. The major portion of

the drop-off above 100 suns is due to metal series resistance; however, a significant

portion results from a decrease in internal quantum efficiency at high intensity due

to Auger recombination in the dense electron-hole plasma generated by the light. A

thinner cell will reduce this effect. By decreasing the metal series resistance,

thinning the cell to 80 pro, and providing a double layer anti-reflection coating it is

expected that efficiencies over 29% can be reached.
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Figure 10: This figure shows the measured AM0 efficiency versus 1 MeV electron

fluence. The radiation was done at Boeing under the direction of Lockheed and the

measurements were performed at Lockheed. It is expected that much improved

radiation sensitivity can be achieved through the use of doped substrates and front

surface fields.
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HIGH-EFFICIENCY GaAs CONCENTRATOR SPACE CELLS

J.G. Werthen, G.F. Virshup, H.F. MacMillan, C.W. Ford, and H.C. Hamaker
Varian Research Center

Palo Alto, California

High-efficiency AlxGal_xAs/GaAs heteroface solar concentrator cells have been

developed for space applications. The cells, which were grown using metalorganic

chemical vapor deposition (MOCVD), have been fabricated in both the p-n and n-p con-

figurations. Magnesium and zinc are used as p-type dopants, and Se is used as the

n-type dopant. The space cells, which are designed for use in a Cassegrainian con-

centrator operating at I00 suns, AMO, have a circular illuminated area 4 mm in dia-

meter on a 5 mm x 5 mm cell. These cells have exhibited flash-tested efficiencies

as high as 23.6% at 28°C and 21.6% at 80°C.

INTRODUCTION

Solar energy systems using GaAs cells in a concentrator array offer the potential

for very high conversion efficiency along with low array costs. Several concepts for

light-weight, radiation-resistant space concentrators have been proposed such as the

point-focus minLature Cassegrainian array (Ref. l) and the parabolic trough design

(Ref. 2). GaAs devices have greater potential than Si cells in such applications

due to their more optimal bandgap and more favorable temperature behavior. The

latter factor enables the GaAs cells to operate efficiently at extreme concentrations

~i000 suns or at the higher operating temperatures which are inherent to concentrator

systems. In this paper, we report AlxGal_xAs/GaAs heteroface solar concentrator

cells grown by metalorganic chemical vapor deposition (MOCVD) for use in Cassegrain-

ian arrays.

CELL DESIGN AND FABRICATION

The concentrator cells were designed with the aid of a detailed computer model.

The model simulates the performance of GaAs solar cells and can be used to optimize

the relevant cell parameters, e.g., layer thicknesses, doping levels of the emitter

and base, grid pattern, and antireflection (AR) coating. Details of the model may

be found elsewhere (Ref. 4). The design conditions for the Cassegrainian cell were

defined to be i00 suns, AMO at an operating temperature T = 80°C, with a circular
illuminated area of 0.126 cm 2 (4-mm diameter) on a 5 mm x 5 mm die. Under such

conditions, it is crucial that the emitter and the grid pattern each have very low

series resistance. At the same time, the spectral response should remain high and

the obscuration must be minimized. The structures of the cells that resulted from

these computer optimizations are very similar; this structure is shown in Fig. i.

In addition to the emitter and base, the devices include a highly doped buffer layer

to minimize surface recombination effects at the back of the base and to provide a

smooth surface upon which the overlying structure is grown. The AI0.9Gao. IAs window
layer passivates the front surface of the emitter and, in combination with the

single-layer AR coating, minimizes the reflectance. Finally, the GaAs cap layer

enables excellent ohmic contact by the top grid pattern while simultaneously minimi-

zing the possibility of the grid metallization diffusing into the semiconducting
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materials during processing. The cap layer is selectively etched away between the
grid lines prior to the application of the3AR coating. Doping levels for the cells
are approximately 2 x 1018 and 7 x lOl7cm- in the emitter and base, respectively.
For the n-p cells, the emitter thickness was reduced to about 0.15 _m.

The multilayer structure was grown in a horizontal rf-heated MOCVDreactor at
730°C, as described in Ref. 5. Growth rates were 0.06 Dm/min. In the p-n cells, Mg
and Se were used as the dopants, whereas Se and Zn were used as the dopants in the
n-p cells. Conventional photolithographic techniques were used to lay down the top
grid pattern. Metallizations, which were deposited by evaporation, were Au/Ge/Ni/Au
and Pd/Au for n- and p-type GaAsohmic contacts, respectively. The front grid pat-
tern was subsequently plated with Ag and/or Au to a total thickness of 2 _m. The
ARcoating was deposited by plasma deposition at 350°C.

TESTING

One-sun efficiencies were determined using Spectrolab XT-10 simulators both at
Varian and at Sandia National Laboratories. For AMOmeasurements, the simulator
intensity was set using a balloon-flight-calibrated GaAsp-n solar cell which had a
similar spectral response to the concentrator cells. A xenon-lamp flash tester was
used to determine device performance under concentration. The incident power upon
the cell in the flash tester was determined by assuming that the short-circuit
current I was linearly dependent upon the solar concentration. The exposed scrib-sc
ing streets at the edges of the cells were maskedoff from any light to assure the
accuracy of the measurements. Efficiencies were based on the total illuminated
area, and no correction was madefor obscuration.

RESULTSOFCASSEGRAINIANCELLS

Figure 2 showsthe current-voltage (I-V) characteristics of one of the best p-n
Cassegrainian cells at one-sun, AMO,and T = 28°C. The efficiency N = 20.8% is
quite high, with a particularly high value of the fill factor FF = 0.86. Such a
value for FF is attainable due to the low series resistance which results from the
optimization of the grid pattern for high concentration. The open-circuit voltage
Voc is 1.02 V, and Jsc = 32.2 mA/cm2. As shown in Fig. 3, the samecell at a con-
centration of 91 suns has N = 23.3%, while maintaining the good fill factor. Curve
fitting of these data yield an estimate of ~5 m_ for the series resistance in
this cell. The conversion efficiency versus concentration is plotted in Fig. 4. The
data show that _ has its maximumvalue near i00 suns, which is very near the intended
operating concentration. However, comparable performance is attainable over a com-
paratively wide range between 80 and 200 suns, and even at 400 suns, N exceeds 22%.

The temperature dependenceof the cell at 94 suns, AMOis shownin Fig. 5. As
expected, N drops linearly with increasing temperature, and a least-squares fit to
the data yields a temperature coefficient of -0.036%/°C. At the intended operating
conditions of ~i00 suns and T = 80°C, N = 21.6%. Radiation damageexperiments have
been performed on similar Varian Cassegrainian p-n cells at NASA-Lewis(Ref. 6).
After a fluence of 1 x 1015cm-2 I-MeV electrons on the bare cells, the 100-sun
efficiency was reduced to 79%of its initial value. Using this result and those
presented above, end-of-life (EOL) efficiencies could potentially exceed 17%under
operating conditions. Since in the Cassegrainian module the cells are shielded from
muchof the radiation, as shownin Ref. I, the actual EOLefficiency could be signi-
ficantly higher.
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Although the data presented in Figs. 2-5 indicate the performance of one of the
best cells, the results are reproducible. Figure 6 shows the distribution of one-
sun efficiencies for all cells, including the one discussed above, fabricated from
the samewafer. Of the for_-eight devices which were obtained, twenty-seven exhi-
bit N > 20%, and eighty-five percent have N >17%. Lower cell efficiencies are
almost invariably due to lower values of FF and, to a lesser extent, Voc. The
observed values of I are relatively unchangedfrom cell to cell. Whenthe valuesc
of N under concentra_zon are used, the yield is even more impressive, as shownin
Fig. 7. Over half of the tested devices have N > 23%,and ninety-three percent
exceed N = 22%. Several other wafers have shownsimilar efficiency distributions,
thus indicating the feasibility of producing these high-efficiciency cells in large
quantities using MOCVD.

Although most of the Cassegrainian cells which have been fabricated to date
have had the p-n configuration, several n-p cells have also been made. Figure 8
shows the one-sun I-V characteristics of one of these cells. Comparisonwith the
data in Fig. 2 shows that the performance of this cell is very similar to the best
p-n cells. The n versus concentration data for another n-p device, which is plotted
in Fig. 9, shows an even higher peak efficiency of 23.6%. Furthermore, the decrease
in N at greater concentrations is less pronounced, presumably due to the superior
majority-carrier mobility in the n-type emitter. The computer modeling results
indicate that the n-p structures maypotentially have higher efficiencies than p-n,
primarily due to better quantumefficiencies.

CONCLUSIONS

High-efficiency GaAsconcentrator cells have been developed for both space and
terrestrial applications. Their optimal structures were determined with the aid of
a computer model which realistically simulates the performance of AlxGal_xAs/GaAs
heteroface cells. Cassegrainian cells have shown100-sun, AMOefficiencies as high
as 23.6% at T = 28°C and 21.6% at T = 80°C. The space cells have shownexcellent
radiation resistance to I-MeV electrons, so in combination with the protective
design of the magnifying element, the Cassegrainian arrays should offer excellent
end-of-life performance. Although most of the development efforts have focused on
the p-n configuration, several high-efficiency n-p cells were also fabricated. The
computer modeling indicates that even higher efficiencies maybe obtained in the
latter case.

This research was supported in part by NASA/Lewisunder contract No. NAS3-23876.
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THERMAL STRESS CYCLING OF GaAs SOLAR CELLS

Robert W. Francis

The Aerospace Corporation
Los Angeles, California

Introduction

Thermal stress cycling has been performed on gallium arsenide

(GaAs) solar cells to investigate their electrical, mechanical and

structural integrity. Sponsored by the Defense Meteorological Satellite

Program, cells were cycled under low earth orbit (LEO) simulated temper-

ature conditions in vacuum. Over 15,000 thermal cycles from -80°C to

+80°C have been imposed which equates to a three year mission in LEO.

The test matrix consisted of thirty single junction GaAs solar cells

(ten each from Applied Solar Energy Corporation (ASEC), Hughes Research

Laboratories (HRL), and Varian Associates) which were characterized

before, during and after the thermal cycling to establish performance

parameters and trends. Cell evaluations consisted of measured AMO power

output values, i.e., short-circuit current, open circuit voltage, fill

factor, and efficiency, as well as spectral response, optical micro-

scopy, and ion microprobe mass analysis (IMMA) depth profiles on both

front surface inter-grid areas and metallization contact grid lines.

Cells were examined for performance degradation after 500; 5,000;

I0,000 and a total 15,245 thermal cycles. Within the limitations of the

experimental analysis, no indication of performance degradation was

observed for any vendor's cell lot. The results presented here estab-

lish that, after 15,000 thermal stress cycles, the equivalent of three

years in LEO, the cells have retained their power performance output

with no loss of structural integrity or physical change in appearance.
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Solar Cell Characteristics

All thirty (30) solar cells received for the thermal cycling

experiment were single junction GaAs with a minimum of 16% (AMO) solar

conversion efficiency reported by each vendor. Cells were 2 X 2 cm in

area with a nominal 12 mil thickness, were fabricated in a P on N con-

figuration and were supplied unglassed. Evaluation and analyses were

carried out at various periods throughout the duration of the thermal

stress cycling. Power output I/V measurements, spectral response, and

optical microscopy were performed initially and after the 500; 5,000;

lO,O00 and 15,245 thermal cycles; whereas, cells were subjected to IIIMA

only initially and after thermal cycling was complete to minimize damage

potentially incurred by the ion probe. Details of the preliminary re-

sults after 5,000 cycles utilizing these same analytical techniques have

been published by B.K. Janousek et al, (Reference l). A review of the

beginning of life solar cell characteristics is presented below for

completeness.

Each cell's current vs. voltage and spectral response signature

were measured at the Jet Propulsion Laboratory (JPL). A l-sun illum-

ination AMO spectral content was established by a Spectrolab X-25 solar

simulator. The cell temperature was maintained at 28°C. Beginning-

of-life (BOL) efficiencies confirmed values measured at each vendor.

These efficiencies were 16% and above and are listed in Table l along

with the other pertinent parameters. Cells are listed in descending

efficiency value with no correlation to vendor. The average efficiency

for the total thirty cell lot at BOL was 16.66% with a 0.53% standard

deviation.

External quantum efficiency or spectral response measurements were

also performed at the Jet Propulsion Laboratory on two solar cells from

each of the three vendors. Spectral response signatures exhibit the

quantum efficiency as a function of photon energy and permit the cell's

electrical performance to be probed as a function of the device's opti-

cal absorption characteristic in a specific layer. Thus, the spectral

response signatures enable evaluation of potential factors that contri-

bute to performance losses by determining which interior region of the
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cell has degraed. BOL spectral response signatures all exhibit a sharp

rise at approximately 900 nm to a maximum response of about 0.55 mA/m_,4

followed by a gradual down slope in response at shorter wavelengths and

then finally a sharp drop in response at less than 450 nm.

Due to potential device damage created by oxygen-18 ion drilling

during the IMMA concentration depth profile analysis, only one sample

from each of the three vendors was investigated. To minimize electrical

damage to the cell the probed area was only lO0 X 20/Im and located at

the lower end of a grid line opposite the bus bar. Since front contact

metal migration and diffusion into the junction region could be enhanced

by temperature differential stress cycling, this needed to be considered

as a possible degradation mechanism in GaAs causing cell shunting. IMMA

metallization depth profiles were obtained on the p-contact side both on

and between the grid lines. Concentration depth profiles were obtained

before cycling, after 5,000 cycles and at cycling termination. Compari-

son of the signature curves gives a good indication of only enhanced

metal diffusion or interfacial structural changes due to the imposed

thermal stresses.

Finally, optical photomicrographs were taken on all 30 cells

before and after completion of each cycle period. These photographs

served as a historical record to compare the cell surface morphology,

topography and potential grid line delamination caused by the thermal

cycling stresses.

T_:I Stress r"_lin_
I Ill_! illel,,I I ,..j_., ,,_

Temperature cycling is being conducted in The Aerospace Corpora-

tion's Aerophysics Laboratory. A picture of the apparatus is shown in

Figure I. The temperature oscillates from -80°C to +80°C with a sinu-

soidal temperature vs. time profile. No temperature dwell time is

imposed at the temperature extremes. One cycle period is 0.5 Hr. and

the operation is continuous and automatic. The cells thermal cycle in

vacuum at a pressure less than lO-6 torr. Several safety features are
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built into the microprocessor control unit. If the temperature approa-

ches +IO0°C or -IO0°C, a fail-safe feature prohibits operation beyond

these temperature extremes; if the vacuum system fails, cell cycling is

discontinued and the chamber is returned to ambient temperature. A

call-in feature allows equipment status checking during off hours.

Monitoring and control thermistors are mounted at nine locations both

inside and outside the temperature control block (Figure 2).

During temperature cycling, the solar cells occupy individual

square slots in a covered aluminum picture frame configuration that is

mounted to the temperature control block. There are a total of 36-1.0

in 2 slots for cells. Three 2 X 2 cm silicon solar cells provided by

ASEC are also included in the thermal cycling test to provide a standard

and enable an internal comparison for the GaAs thermal stress evalua-

tion. The remaining three slots were occupied with electrically inac-

tive mechanical GaAs cell blanks with thermistors attached with thermal

conductive epoxy. This permitted active cell temperature monitoring by

similarity. Three additional backup beaded thermocouples were mounted

to the top of the cover plate by washers on the temperature control

block and the final three thermocouples were also washer mounted on the

cover plate top to provide temperature control and uniform temperature

monitoring.

The thermal data obtained during tile total 15,245 cycles is de-

scribed in Table 2. T6 and T8 are thermocouples mounted on the cover

plate at each end and T7 is mounted in the middle section. Thermistors

attached to the GaAs mechanical blanks (TO, T1 and T2) were not utilized

for temperature monitoring due to difficulty with maintaining an adher-

ent thermistor contact to the GaAs surface during the temperature cycl-

ing. As a result, this resulted in anomalous temperature readings from

these sensors.
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Performance Results After 15,245 Thermal Cycles

Cell efficiency data after 500, 5,000, I0,000 and 15,245 cycles

are listed in Table 3. In Table 4 are the performance parameters after

15,245 cycles for comparison of the BOL data in Table I. Again, cells

are listed in the same order as Table 1 with no correlation to vendor.

One cell examined by IMMA demonstrated anomalous efficiency values when

measured at each 5,000 cycle period, and the other two vendors' cells

broke into 2-3 pieces each, possibly due to cracks initiated during IMMA

analysis and propagating during temperature cycling. Thus, electrical

performance data as a function of cycle number is not given for these

three IMMA analyzed cells. In addition, three cells were unintention-

ally broken when the thermal vacuum chamber was last opened at 15,245

cycles. Fortunately, however, the three broken cells are spread evenly

among each of the suppliers. A total of six cells, therefore, are not

included in the final analysis. With a total of two cells each from

three vendors excluded from the final cycle period data base the statis-

tical comparison is maintained. This brings the total number to twenty-

four cells which have successfully completed over 15,000 thermal

cycles. These twenty-four solar cells have an average efficiency of

16.6% with a standard deviation of 0.6%. This is compared to an average

efficiency of 16.7% with a 0.6% standard deviation for the same twenty-

four cells (or a 16.7% and 0.5% standard deviation for all thirty cells)

prior to thermal cycling. Within the experimental error of the effici-

ency measurement (±0.3%) no performance degradation is demonstrated

after the total 15,245 LEO simulated thermal cycles. The average effi-

ciency of the three reference silicon solar cells also compared closely

within experimental error to the value of 13.4% before thermal cycling.

Both the external spectral response curves and IMHA depth profile

signatures after 15,245 cycles indicated negligible change. The curves

and signatures from pre and post cycling could, for the most part, be

superimposed with no differences exhibited. Thermal stress cycling

apparently has no effect on the optical absorption characteristics or
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quantumefficiency of the devices nor has it any influence on enhancing

the intermetallic contact diffusion, or changing the interlayer or

interface structure. No indication of material redistribution was

apparent as a result of thermal stress.

The optical micrographs taken after the 15,245 cycles demonstrated

no change in the surface morphology or the topography of any cell. Fur-

thermore, no grid line delamination was noticeable from temperature cyc-

ling.

Summary/Concl usi ons

Thermal stress cycling has been performed on GaAs solar cells

under LEO simulated temperature conditions in vacuum. Over 15,000

cycles have been imposed which simulates a three year mission. The test

matrix consisted of thirty GaAs solar cells (ten each from three sup-

pliers) which were characterized and evaluated before, during and after

completion of the thermal cycling. For reasons unrelated to the thermal

stress cycling experiment, six cells were eliminated from the final

cycle period data base. After a total 15,245 thermal cycles, the re-

maining twenty-four solar cells have an average efficiency of 16.6%

compared to a 16.7% average efficiency prior to cycling. About three

years of simulated thermal eclipses in LEO have been demonstrated with

no performance degradation on ASEC, HRL, and Varian GaAs solar cells.

This establishes the electrical, mechanical, and structural integrity

during themal stress cycling of single junction GaAs solar cells alone,

i.e., without interconnects and coverglass.

No continued thermal cycling of the individual cells is presently

being planned. At this time, the thermal cycling apparatus has been

modified to accommodate panels fabricated by RCA Astro-Electronics and

Spectrolab. These panels consist of both soldered and welded inter-

connected GaAs solar cell circuits. Preliminary thermal stress cycling

results and analysis indicate stable performance.
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Cel 1

I,

2,

3,

4,

5,

6.

7,

8,

9,

I0,

II,

12,

13,

14,

15,

16,

17,

18,

19,

20,

21,

22,

23,

24,

25,

26,

27,

28.

29,

30.

SOLAR CELL PRE-CYCLING

Voc

1,015

1,038

1.031

1,001

1,017

1,034

1. 030

1,005

1.018

1,018

O, 993

0,976

1,013

O, 974

I, 033

O, 952

1,018

1,021

O, 950

1,024

O, 987

O, 968

1. 005

!, 006

1,009

O, 982

1,006

1,000

O, 989

1,01 2

1,004

s=0.023

TABLE 1

ELECTRICAL

Isc

116.8

I18.9

I19.4

I16.5

I12.7

I18.9

I17.8

If4.1

I19.8

I13.7

I14.3

ll7.1

Ill .3

ll7.1

If7.1

I17.4

ll8.0

ll2.0

I15.2

ll9.1

Ill .6

ll5.0

II0.6

!!5.6

ll3.0

I14.5

Ill .2

109.1

I13.7

Ill.4

115,1

s=3,0

PERFORMANCE

FF

0.814

0,774

0,776

0,818

0.814

O, 750

0,759

O, 800

0,750

O, 788

O, 804

0,793

O, 803

O, 787

O, 740

O, 800

O, 743

O, 778

O, 808

0,725

O, 802

O, 793

0,793

O, 752

0,766

0,777

O, 780

0,798

0.773

O, 766

O. 781

s=0.024

PARAMETERS

77

17.82

17,66

17,65

17,64

17.24

17,04

17.03

16,96

16,90

16,86

16,86

16.74

16,73

16,58

16,55

16,52

16,50

16,44

16,34

16,33

16,32

16,31

16,29

!6.!6

16,14

16,14

16,11

16.08

16.07

15.95

16.66

s=0.53
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TABLE 2: TEHPERATURE VALUES FOR THE TOTAL 15,245 CYCLES

Minimum Temperatures (°C)

T6 T7 T8

Average -82.9 -81.1 -86.9

Standard Deviation 2.3 2.8 4.2

Minimum Minimum -77.8 -62.3 -55.2

Maximum Minimum -94.9 -91.9 -96.7

Maximum Temperatures (°C)

Average 84,8 86.9 85.9

Standard Deviation 2.8 2.7 3.4

Minimum Maximum 75.9 78.3 72.3

Maximum Maximum 90.7 93.1 93.8
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Cell _/ (0)

1. 17.82

2. 17.66

3. 17.65

4. 17.64

5. 17.24

6. 17.04

7. 17.03

8. 16.96

9. 16.90

I0. 16.86

II. 16.86

12. 16.74

13. 16.73

14. 16.58

15. 16.55

16. 16.52

17. 16.50

18. 16.44

19. 16.34

20. 16.33

21. 16.32

22. 16.31

23. 16.29

24. !6.!6

25. 16.14

26. 16.14

27. 16.11

28. 16.08

29. 16.07

30. 15.95

16.66

s=0.53

)-=AFTER IMMA

SOLAR CELL

(500)

17.62

17.72

17.56

17.55

17.05

17.06

16.95

16.55

(16.62)

17.00

16.86

16.67

16.54

16.55

16.64

16.46

16.52

16.39

(13.95)

16.28

16.32

16.37

(16.13)

!6.!4

16.18

16.12

15.94

16.03

16.18

16.31

16.65

s=O. 51

TABLE 3

EFFICIENCY VS.

T/(5,ooo)

17.45

17.74

17.64

17.54

17.00

17.06

17.00

16.77

16.78

16.90

16.67

16.69

16.50

16.53

16.41

16.40

16.33

w

16.25

16.20

16.37

m

!6.1om...,

16.05

16.14

16.00

15.97

16.09

15.99

16.62

s=0.53
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CYCLING

7(IO,OO0)

17.53

17.52

17.51

17.55

17.00

17.04

16.82

16.63

m

16.80

16.80

16.66

16.81

16.46

16.43

16.35

15.80

16.57

m

16.29

16.31

16.44

1_ 13
v.

16.00

16.09

15.88

16.03

16.05

16.18

16.58

s=0.52

T/(I5,245)

17.71

17.56

17.65

17.53

17.09

16.94

16.35

16.66

16.88

16.74

16.67

16.51

16.66

16.46

15.95

16.30

16.26

16.39

m

l R ')vow2

15.68

15.82

15.97

16.04

15.99

16.58

s=0.59



Cel1

I.

2.

3.

4.

5.
6.

7.

8.

9.

I0.

II.
12.

13.
14.

15.

16.

17.
18.

19.

20.

21.

22.

23.
24.

25.

26.
27.

28.

29.

20.

SOLARCELL

Voc

1.012

1.035

1. 029

0.999

1.032

1.027

1. 009

1 .O16

0. 991

0.973

1.011

0. 967

I. 031

0.950

1.013

1.01 7

m

0. 985

0.965

1.004

1. 006

1.002

0.997

0. 986

1 .OO8

1. 003

s=0.023

TABLE 4

PAR_IETERS AFTER

Isc

118.3

119.3

119.0

116.7

118.7

118.0

114.2

113.1

115.3

117.0

111.3

116.8

117.5

117.5

118.5

112.6

III .5

115.8

115.9

112.2

110.7

109.1

113.0

112.2

115.2

s=3.0

15,245 CYCLES

FF

O. 801

O. 770

0. 780

0.814

0.755

0.757

0. 768

1

O. 785

0.799

O. 796

O. 802

O. 791

O. 744

0.798

0.719

O. 77O

1

O. 802

O. 794

m

O. 754

0.752

1

0.772

0.795

0.780

0.766

0.778

s=0.023

7/

17.71

17.56

17.65

17.53

1

17.09

16.94

16.35

16.66

16.88

16.74

16.67

16.51

16.66

16.46

15.95

16.30

1

1

16.26

16.39

16.22

15.68

15.82

15.97

16.04

15.99

16.58

s=0.59
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HETEROSTRUCTURE SOLAR CELLS*

K.I. Chang, Y.C.M. Yeh and P.A. Iles

Applied Solar Energy Corporation

City of Industry, California

and

R.K. Morris

Air Force Wright Aeronautical Laboratories

Wright Patterson AFB, Ohio

This paper presents the performance of GaAs solar cells grown on the Ge substrates, in

some cases the substrate was thinned to reduce overall cell weight with good ruggedness.

The conversion efficiency of 2x2cm cells under AMO reached 17.1% with the cell thickness

of 6 mils. The experience gained in this structure will be used to increase GaAs cell

efficiency. Also the work described forms the basis for future cascade cell structures,

where similar interconnecting problems between the top cell and the bottom cell must be

solved. The details include discussion of substrate properties, growth conditions of GaAs

cells, and cell construction including possible substrate thinning. A discussion will follow

regarding applications of the GaAs/Ge solar cell in space and expected payoffs over present

solar cell technologies.

INTRODUCTION

It has been known that GaAs solar cells have higher conversion efficiency and higher

radiation resistance than Si solar cells. However, GaAs solar cells are more than twice as

heavy as Si cells. For space applications it is desirable that the solar cell is lightweight,

have high efficiency, and high radiation resistance. In order to meet all these requirements

GaAs solar cells have to be fabricated on a substrate which is not only lighter or thinner

than GaAs, but also more rugged than GaAs. Both silicon and germanium were considered as

the starting substrates on which the GaAs solar cell may be fabricated. Because of the huge
lattice mismatch between Si and GaAs the silicon substrate was ruled out. Germanium was

selected because Ge and GaAs have very close lattice constants and thermal expansion

coefficients. Also, Ge is a very rugged material so that it can be thinned to reduce the

overall cell weight without introducing any mechanical problem. In this paper, we present
the results of p on n GaAs solar cells on n-type Ge substrates.

* This work was supported by the Department of Air Force under Contract F33615-$4-
C-02403.
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CELL FABRICATION

The structure of the p on n GaAs/Ge solar cell is shown in Figure I. The z n-t_pe Ge
substrate is doped with Sb and the electron concentration is in the middle of I0 -cm- . The
starting Ge wafer is approximately 7 rail thick and the crystal orientation is _ degrees off
the (I00) direction. The heteroface GaAs/AIGaAs solar cell structure was deposited by the
low pressure organornetallic vapor phase epitaxy (OMVPE) technique. First an n-type GaAs
buffer layer doped with Se was grown on top of the n-type Ge wafer. Then a p-type GaAs
emitter and a thin p-type window layer were deposited and the p-type dopant was Zn.

During the OMVPE growth the chamber pressure was 130 torr and the growth temperatures
were 720 and 680°C_ The 720°C was used to take advantage of the Ge auto-doping effect so
that the electron concentration in the initial buffer layer was so high that it eases the
electric properties at the hetero-interface between the Ge substrate and the GaAs buffer
layer. This auto-doping effect was ceased by lowering the growth temperature to 680°C.
The actual GaAs homojunction was grown at this temperature to obtain higher short-circuit
current. The typical thickness for the buffer layer 9 the emitter) and the window layer is 99
0.59 and 0.1urn) respectively.

After layer growth the front p-contact made of Au/Zn and Ag were deposited onto the
revealed p-emitter and the grid pattern was defined by the liftoff process. The multiple
layer AR coatings made of TiO and AI0 were next deposited on the window layer. At this
point the GaAs/Ge structure was further thinned to 3 mils by removing Ge from the
backside. Then the back n-contact made of Au/Ge, Ni) and Ag was deposited and sintered.
Finally) the cell was cut into size. The entire cell fabrication sequence is shown in Figure 2.

RESULTS

Doping Profiles

The doping profile of the typical GaAs/Ge solar cell was measured using a Polaron C-V
profiler. Figure 3 shows the doping profile of both the hole concentration in the emitter and

th_gelect3ron concentration in the buffer layer, iT._e hole concentration was about 1.3 x
l0 cm- . The electron _nce.r_ration was 2 x I0 cm for the first 3urn near the junction
and it increased to I x I0 cm- for the remaining 6urn. This higher electron concentration
was due to the auto-doping (out-diffusion) by Ge which is an n-type dopant in GaAs for the
OMVPE growth. The difference in the electron concentration in the buffer layer was due to
the growth temperatures. The growth temperature) Tg) was 720°C for the initial 6urn and it
was 685°C for the remaining 3urn and the p-layer.

Modeling

The reason that the GaAs/Ge cell had high open circuit voltage and lower fill-factor is
due to electric properties of the interface between the n-type Ge substrate and the n-type
GaAs buffer layer. An experiment was performed to analyze the interface properties. An
as-grown cell structure was etched in a 3:1:1 solution to remove the window layer and the p-
emitter. N-type ohmic contacts were deposited and sintered on the GaAs buffer layer and
the backside of the Ge substrate. The sample was cut into 5x5mm after sintering the n-
contacts. A typical dark I-V characteristics of the isotype heterojunction interface is shown
in Figure 4. The I-V characteristics are non-linear and the resistance of the 5x5mm sample
was approximately 2 ohms near the origin. Therefore the series resistance of the isotype
heterojunction between GaAs and Ge was high enough to result in low fill-factor.
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Also a third terminal was made to the (n)GaAsbuffer layer of a GaAs/Ge cell to
evaluate the photovoltaic effect at the (n)GaAs/(n)Ge isotype heterojunction. It was found
that Voc was 0.035V and that the polarity of this photovoltage agreed with that of the p/n
GaAs cell. The polarity of this photovoltage suggests that the junction between the
(n+)GaAs and (n)Ge be an n-type Schottky barrier. Figure 5 shows the band structure of the
GaAs p/n junction and the (n+)GaAs/(n)Ge Schottky barrier. The degenerated (n+)GaAs acts
as a metal on the (n)Ge semiconductor. The magnitude of the barrier height affects the
collection photocurrent; i.e. Cff. The Schottky barrier height can be reduced by lowering
the resistivity of the Ge substrate. It has been verified that better CFF for GaAs/Ge cells
has been obtained by using low resistivity Ge wafers.

Light I=V Characteristics

The 2x2cm GaAs/Ge solar cells made on the 0.015 ohm-cm Ge substrates were tested

under an AMO simulator at 28°C. Figure 6 shows the light I-V characteristics of a 2x2cm
GaAs/Ge cell. The conversion efficiency of the cell was 17.1%; the open-circuit voltage
1.075V; the short-circuit current llS.9mA; and the fill-factor 0.742. The thickness of this
cell was approximately 7 mils.

Table I lists the performance of the GaAs/Ge cells fabricated in the same lot. All
cells have efficiency higher than 16% under AMO at 2g°c. At 50% cummulative yield the
cell efficiency was 16.g%; the open-circuit voltage 1.08gv; the short-circuit current
IlS.7mA; and CFF 0.722. The thickness of these cells was about 7 mils.

Contact Integrity

The contact integrity is defined by low contact resistance, good adhesion)
solderability, and weldability. The Ag-plated tabs were soldered onto the p-contact ohmic
pads of a GaAs/Ge solar cell with 16% efficiency. The light I-V curves of the cell before
and after soldering the tabs are shownin Figure 7. No degradation in electrical output of
the cell was introduced by soldering process. The soldered tabs were pulled at 45 degrees
with respect to the cell surface. The pull strength was 925 and 475 grams. The separation
between the tabs and the cell was caused by divots in GaAs. Figure g shows the
microphotograph of the large divots in GaAs after pulling off the tab on the p-contact ohmic
pad. This kind of failure mode is acceptable because the pull strength was higher than 250
grams, which was the criteria for GaAs solar cells, and because the separation was due to
large divots in GaAs.

Applications

It has been recognized that development of a lightweight GaAs solar cell is critical for
achieving arrays with specific power approaching 300 W/kg (Ref. I). The work presented
here is a major step in approaching this type of performance. With the thin GaAs/Ge solar
cell, a 50% improvement over silicon in EOL output can be realized with about the same cell
weight. Table 2 outlines the relative performance of three cell technologies) silicon,
gallium arsenide) and gallium arsenide on germanium. All values represent solar cells with
150 micron (6 mil) coverglasses in a 5 year, mid altitude orbit.
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Further weight reduction and thermal survivability could be achieved by the use of
deposited integral coverglasses. The relatively low tensile strength of standard GaAs ceils
inhibits use of integral covers due to cell bowing (Ref. 2). Use of a germanium substrate,
with its higher strength, should allow for integral covers to be deposited on the thin GaAs
cells, eliminating the need for adhesives. Further work is required in this area to ensure
that the cover deposition temperature does not cause germanium diffusion into the GaAs
buffer layer.

Other areas which warrant further research include fabrication and processing of the
germanium substrate, larger area (5 #cm2) device fabrication, and a cell interconnect
process. Optimization of these processes would result in a planar solar array specific power
of about 290 W/kg using present array blanket technology. This value compares to about I85
W/kg for a silicon array of the same basic design.

Use of the thin GaAs/Ge solar cells would not have to be limited to planar arrays or
single junction applications. These cells could be used in concentrator arrays as well,
although their advantages over conventional GaAs cells diminishes in this configuration.
One remaining advantage) which could become significant) would be a reductiion in cost due
to the substrate. The present cost of germanium is about half that of galIium-arsenide.
Finally, the design of the thin GaAs cells lends itself well to multi junction cell applications.
The materials technology developed for this cell could be applied to an AIGaAs/Ge
monolithic multi-juncton cell design promising even higher efficiencies. In addition) the thin
cell technology would yield a lightweight multi-junction solar cell.

CONCLUSION

In conclusion) the conversion efficiency of 2x2cm GaAs/Ge solar ceils under AM, at
28°C reached 17.1% and a lot average of 16.8% has been demonstrated. It was found that

the fill factor of the cell could be improved by reducing the barrier height at the is.type
heterojunction between the Ge substrate and the (n) GaAs buffer layer.

This solar cell design presents many significant options for application to future space
power systems. The most obvious use would be in ultra lightweight arrays) where the thin
c,ell's high efficiency and radiation resistance would greatly improve power densitites. The
GaAs/Ge solar cell could also be used in concentrators, where the biggest contribution would
probably be in cell cost reduction. Additionally, the technology developed for this work
represents an important step in the development of high efficiency monolithic multi-
junction solar ceils.
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TABLE 1

PERFORMANCE OF 2x2cm GaAs/Ge CELLS UNDER AMO AND 28°C

INDIVIDUAL CELL PERFORMANCE

CELL Voc Isc CFF Vm EFF
# (mY) (mA) (%) (mY) (%)

12 1073 113.9 741.2 8_ 17.1

3 I101 113.1 72.0 8_; 1(.9

2 1091 116.1; 71.7 860 1(.8

6 1092 113,2 72.3 ......Ol_l l Ik6

7 1083 !16.1 71.8 8_k_ 1(.,.7

11 10911 I 13.3 71.2 821) 1(.6

1 1092 113.3 71.1 868 16.t;

9 1098 116.11 70.0 8_ I (.$

I1 1061 116.3 72.0 818 I(.Q

I0 1096 I 13.3 70._1 8t;11 16.3

'3 1080 116,* 693 828 1(.2

8 1088 113.1 69.1 8211 16.0

CUMMULATIVE CELL PERFORMANCE

Yield Voc kc CFF Vm EFF
(%) (mY) (mA) (%) (mV) (%)

8.3 1073 113.9 711,2 831; 17.1

1(.7 1088 I 13.3 73.1 8_ 17.0

23.0 1089 113.9 72.6 8J7 16.9

33.3 """nuTu 113.7 72.6 oa,"" 16.9

111.7 1088 113.8 72.11 838 1(._

_0.0 1089 113.7 72.2 833 1_.8

_8.3 1090 113.7 72.1 833 16.8

66.7 1091 113.8 71.8 833 14.8

73.0 1087 113.8 71.8 832 16.7

83.3 1088 113.6 71.7 8_3 1(.7

_1.7 1088 I 13.7 71.3 831 I(.6

100.0 1088 113.6 71.3 849 16.(,
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TABLE 2

COMPARISON OF SOLAR CELL TECHNOLOGY PERFORMANCE

CELL TYPE

Si

GaAs

GaAs/Ge

CELL
THICKNESS
(MICRONS)

100

305

78

TOTAL
WEIGHT
(GRAMS)

0.351

0.822

0.35

"_%

BOL

15 5.4

17 9.5

18.5

EOL 3

10.4

I
From Ref. 2

2 From Ref. 3

3
EOL values based on data in Ref.4; values for GaAs/Ge cells are calculated
assuming agreement with data for GaAs performance.
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1. Thin Ge Substrates to 7-8 Mils.

2. Prepare the surface of Gewafers.

3. GrowGaAsand AIGaAsby MOCVDtechnique.
4. Etch window layer.

5. Deposit front p-contacts.

6. Deposit ARcoating.
7. Thin GaAs/Gecells to 3 mils.

8. Deposit back n-contacts.
9. Cut cells to size.
10. Test

FIGURE 2

PROCESS STEPS FOR THIN GaAs/Ge SOLAR CELLS
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FIGURE 8 
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MECHANICALLY-STACKED TANDEM SOLAR CELLS WITH GaAsP ON GaP AND SILCON*

Gerald H. Negley, James B. McNeely, Patrick G. Lasswell, and Edgar A. Gartley

Astrosystems, Inc.

Newark, Delaware

and

Allen M. Barnett

University of Delaware

Newark, Delaware

The development of GaAsP top solar cells for mechanical attachment to

silicon bottom solar cells can lead to AM0 conversion efficiency increases of 48%

to 76% over the best state-of-the-art single junction silicon solar cells. These

tandem solar cells can also be expected to be more radiation-resistant and

mechanically and electrically stable.

Design rules are presented for the development of a high efficiency tandem

stack. The system efficiency can range from 26.7% to 29.4% depending on the

performance of the bottom solar cell. Consideration of the near term goal of a
25% efficient tandem solar cell is addressed. Guidelines for the achievement of

this near term goal are given in terms of device parameters.

Liquid phase epitaxy is being used for this development of GaAsP on GaP top

solar cells. Considerable progress has been demonstrated in the liquid phase

epitaxial growth of GaAsP on GaP substrates. Multiple graded layers of GaAsP

with up to 65% GaAs have been prepared with surface quality equivalent to

commercial GaP on GaP epitaxial wafers. Techniques for stacking fault and

dislocation density reduction are being developed. High quality active layers

have been prepared with lattice parameters that differ from the GaP substrate by
2.41%.

The first experimental two-junction, four-terminal tandem cells with a GaAsP

top solar cell on a conventional silicon bottom solar cell have been fabricated.

Top solar cell transmission of 95% of the photons less energetic than the top

cell bandgap has been accomplished. Initial results for these tandem solar cells

will be presented. Future work will focus on increasing current in the top cell

and increasing the device area.

*This work was supported in part by the Air Force AeroPropulsion

under contract No. F33615-86-C-2605.

Laboratory
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Introduction

The addition of a GaAsP on GaP top solar cell over existing silicon solar

cells has the potential of increasing the power output of a practical system by

48 to 76%. This is dependent on the bottom solar cell performance. The tandem

solar cell efficiency can range from 26.7 to 29.4%. In this paper the design

rules for the achievement of these performance levels are discussed. Next, those

performance requirements necessary to achieve the near term goal of 25% are

addressed. These performance goals can be described in terms of transparency,

voltage, fill factor and current. Liquid phase epitaxy is being used for the

growth of GaAsP on GaP. The progress in the development of a GaAsP top solar

cell is presented.

Desi_

The design of the mechanically stacked GaAsP on GaP top cell is based on a

model used to calculate theoretical maximum efficiencies of tandem solar cell

systems. The model that is being used is by Nell (i) and is based upon tabulated

standard spectra, the fit of experimentally achieved open-circuit voltages, and

asst_nes unit quantum efficiency.

Using solar irradiance information, the performance is calculated for the

top solar cell. The remaining part of the spectrum, E < Eg (top), is then used

to calculate the performance of the bottom cell. In this way, a complete set of

isoefficiency curves is generated for various energy bandgap combinations.

Assuming unit quantum efficiency and no losses, the model predicts a maximum

solar cell efficiency of 35.8% at AMO and one sun insolation. This performance

is based upon a four-terminal configuration for the tandem stack.

The maxim_ theoretical efficiency of 35.8% corresponds to a 1.97eV top

solar cell and a 1.12eV bottom solar cell This is equivalent to a GaAs _aP a_

top cell and a conventional silicon bottom'solar cell. The device parameters _

the "ideal" tandem stack are shown in Table I.

Table I

Predicted Theoretical Maximum Efficiency for the

Four-Terminal Configuration according to Nell's Model

Bandqap Voc Jsc FF Efficiency
(eV) (volts) (_-/-cm2) -- (%)

1.97 1.53 20.75 .91 21.4

1.12 .71 32.68 .84 14.4

35.8

Anticipated Performance for a Practical System

To obtain the maximum efficiency for a practical system both the top and

bottom solar cells must be state-of-the-art. The overall efficiency of the

tandem stack must include electrical and optical losses. Loss calculations for
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this tandem structure have been anticipated by others (2). In this work, the
performance of other types of solar cells is used as the basis for predicting
feasible system performance.

To obtain the maxim_npractical efficiency, both the top and bottom solar
cells must be approaching their theoretical limit. The maximumefficiency
predicted by the model for a silicon space solar oell is 23.9% at AMOand one sun
(i). Swanson's (3) record efficiency concentrator solar cell is equivalent to
19.9% efficient for an AM9spectrum at one sun, while Green's (4) best results
correspond to an efficiency of 18.6% (AMO,I sun). These results are 22%to 31%
better than the average conmercial silicon space solar cells. Table II shows a
comparison of these results.

Table II

Modelled Theoretical Maximum for Silicon Space

Solar Cells Compared to Actual Silicon Results

Voc Jsc FF Efficiency
(volts) (_--2--cm2) -- (%)

Model .710 53.43 .840 23.9

Swanson .681 50.30* .784 19.9

Green .663 45.40* .833 18.6

Conm_rcial .595 46.00 .750 15.2

*Corrected from AMi.5G to AMO

The modelled theoretical efficiency of the 1.97eV top solar cell is 21.4%.

Again, losses must be included to obtain the best "real" case. Since the

GaAs _P _ top solar cell is still in the experimental stages, tabulation of the

limi£_pre_cted by the model with the best results to date does not allow a fair

comparison of the overall tandem stack. However, if one surveys the literature

and compares the performance of well-developed solar cells with their expected

limit, one may easily predict the expected performance of the 1.97eV GaAsP top

cell. Mid-range achievements of open-circuit voltage, short-circuit currents and

fill factors are 96%, 91%, and 96%, respectively, of the expected limits from the

model. Using these assumptions, the best case 1.97eV GaAsP top solar cell should

peak at 17.9% efficiency. This is shown in Table III.

Table III

Expectation of Best Case GaAs.54P.46
(i. 97eV)

Voc Jsc FF Efficiency
(volts) (mA--/--om2) (%)

Model 1.53 20.75 .91 21.4

Best Case 1.47 18.90 .87 17.9

% Theoretical 96% 91% 96%
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With the expectations of the top and bottom solar cells, one can view the
performance of the GaAsP-Si tandem stack. The best case tandem structure with
various bottom solar cells is shown in Table IV. The tandem stack efficiencies
range from 29.4%to 26.7% depending on the bottom solar cell.

Table IV

Best Case Tandem Solar Cell with

Various Silicon Bottom Solar Cells

(AMO)

Swanson Green Conlnercial

GaAsP Top Cell

Si bottom cell

Stack Efficiency (%)

17.9 17.9 17.9

11.5" 10.8" 8.8*

29.4 28.7 26.7

losses.

*Includes an extra 5% reduction in Jsc due to optical transmission

Requirements for a 25% Efficient Tandem Solar Cell

The near term goal is a 25% efficient solar cell at AM0. An inherent

requirement to achieve this goal is the utilization of a state-of-the-art bottom

solar cell. From Table II, the choice is the 19.9% efficient solar cell produced

by Swanson. The performance requirements necessary for achievement of a 25%

tandem device can be described in terms of transparency, voltage, fill factor and

current.

The transparency can be determined once the choice of the energy bandgap for

the top solar cell is made. From solar spectral irradiance data (5), one

determines the portion of the spectrum absorbed in the top solar cell. The

remaining part of the spectrum may be utilized by the bottom solar cell.

However, due to loss mechanisms, such as free carrier absorption, the actual

transmitted light may be less than that predicted by the solar spectral irra-

diance data. The ratio of the actual transmitted light to the theoretical

maximL_n predicted by the irradiance data gives the overall transparancy of the

material for photons less energetic then the bandgap.

The transparency of the top solar cell determines the overall reduction in

performance of the bottom solar cell. This reduction is in the short-circuit

current. Allowing for an additional 5% loss due to optical losses, the best

state-of-the-art silicon solar cell should be 11.5% efficient when placed under a

GaAs P top solar cell. Hence, a 13.5% efficient top solar cell is needed to..54 .46
achleve 5he goal of a 25% efficient tandem stack.

To achieve a 13.5% efficient top solar cell, an onpen-circuit voltage of 1.46

volts, a short-circuit current density of 14.9 mA/cm _ and a fill factor of 0.84

are needed. This short-circuit current density corresponds to a total quantum

efficiency of 71.8%.

A comparison of the best case GaAsP solar cell parameters to those required

for the achievement of a 25% efficient tandem solar cell is shown in Table V.
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Table V

Comparison of Best Case GaAsP to Requirements
for a 25% Efficient Tandem Solar Cell

Voc Jsc FF Efficiency
(volts) (_-2-cm2) -- (%)

Best Case 1.47 18.9 .87 17.9

Required 1.46 14.9" .84 13.5

*Requires total quant_n efficiency of 71.8%.

Proqress of GaAsP Top Cell Device Fabrication

The GaAsP solar cell structure is being grown by liquid phase epitaxy

(LPE). Liquid phase epitaxial crystal growth has, in general, produced devices
that are superior in performance to those gr(mm by other methods (6, 7). The

superior performance of LPE devices when compared to vapor phase or diffused

devices can be attributed to fewer deep level impurities, longer diffusion

lengths and the fact that the impurities tend to segregate to the liquid rather
than the solid.

The actual crystal growth of the multi-layer GaAsP on GaP structure is

achieved using the slider method for LPE growth (8). The slider apparatus serves

as a substrate holder and melt container for the growth solutions. Advantages of

the slider method over other techniques are i) the substrate can be brought in

and out of contact with the melts, 2) several melts can be used, 3) growth is
restricted to a single side of a wafer, 4) substrate - solution contact is from

the bottom of the melts where there are no floating oxides or other contaminants,

5) excess solution can be wiped off by the sliding action of the apparatus, and

6) thermal equilibration and temperature profiling are easily facilitated. The
slider assembly fits into a temperature gradient or cooling furnace. The zones

of the furnace are controlled to better than l°C. Currently, in our furnace, we

use a high purity hydrogen atmosphere which sweeps the growth apparatus and tube

during the growth process.

The slider assembly contains up to nine melts and consists of a graded well

design such that each successive layer is narrower than the former layer. This

can be seen in Figure i. This allows testing and analysis of each individual

layer. Individual melts are composed of approximately eight grams of solvent

with appropriate amounts of GaP and GaAs - determined by phase equilibria data

for the compositions desired. Growth is achieved by placing the GaP substrate

under the first melt to grow a transition layer of GaASxPl_ x by controlling the
temperature level, cooling rate, and time of exposure. This procedure,

continues, in turn, to each melt in the growth apparatus. Since GaP segregates

preferentially over GaAs in metallic systems, melt depletion can be used to grade

the layers from pure GaP to the desired final layer composition.
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Fiqure 1

Slider Boat Growth Apparatus Showing

the Graded Well Width

r,._ C_ P SU bST RATt=

Multiple graded structures of GaAsP with up to 65% GaAs have been grown in

our laboratories with surface qualities equivalent to commercial GaP on GaP

epitaxial wafers. Currently, a combination of melt depletion and step grading

has produced the best surface morphologies. This consists of a 10% GaAs layer

grown on the GaP substrate. This 10% GaAs layer is depleted to approximately 12%

GaAs before moving the substrate to the next melt for another step grade. The

following step is to a 15% GaAs layer which, in turn, is depleted to about 17%

GaAs. Then, the substrate is contacted to a 20% GaAs melt and melt depletion is

used to grade to about 40% GaAs. At this point, the substrate is contacted with

another melt to achieve the final GaAsP composition. Since melt depletion is

used to grade the final two layers, the ending composition is determined by the

final temperature. Modelling has been done to anticipate the temperature at

which the final desired composition will be achieved. Table VI shows various

expected vs. measured compositions.

Table VI

Comparison of Expected vs. Measured

Composition of Grown GaAsP

Sample Design Energy Gap

% GaAs Expected Measured

(ev)

PT#66 50 2.01 2.01

PT#101 47 2.03 2.01

PT#104 79 1.69 1.69

PT#117 65 1.85 1.88

PT#193 54 1.97 1.98

PT#198 54 1.97 1.98

PT#200 54 1.97 1.96

PT#209 54 1.97 1.97
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Since the LPE boat assembly has a graded well design (which allows easy
access to the individual grown layers), optical transmission is used to determine
the compositions of the grown layers. A typical structure determined by optical
transmission is shownin Figure 2.

Fiqure 2

OPTICAL TRANSMISSION OF FOUR LAYER STRUCIURE

I

°!

°i

/

A: GaP

B: GaAs.12P.8 8

C: GaAs.17P.8 3

D: GaAs.46P.5 4

E: GaAs.54P.4 6

The preferred solvent for the GaAsP-GaP solvent system is galli_n. When tin

is u_d as a solvent, the grown layer is n-type with a carrier concentration of

6xl0"°/cc, which is too high for our solar cell design.

We are currently working on p/n structures, with the preparation of the thin

emitter layers being accomplished by solid state diffusion techniques. This

process was developed in our laboratory and is very similiar to diffusion from

spin-on silica glasses (9). However, our process consist of a SiO 2 passivation

layer to protect the crystal surface, a Zn3P 2 layer for the zinc source, and a

SiO 2 capping layer for the entire structure. The SiO 2 enhances the diffusion of
a relatively low concentration of zinc (thereby mini/izing wafer surface damage

while facilitating high surface concentrations (i0)). These diffusions are

leading to open-circuit voltages in excess of 1.4 volts; however, the short-cir-

cuit current has been low.

Figure 3 shows the spectral response of two of our devices compared to a

GaAs standard. Sample PT#184 has a 1.84eV composition, which shows a low quant_n

yield and a flat response. It is believed that part of this low yield is due to

a dead layer resulting from the solid state diffusion process.

Sample H041886 has a 2.08eV composition and shows a more peaked response. This

sample peaks in the region corresponding to the direct bandgap. Hence, some

efficiency is lost in the indirect composition region. The poor blue response of

H041886 is most likely due to a deep junction.
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Fiqure 3

SPECTRAL RESPONSE OF TWO GaAsP DEVICES
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To achieve the 71.8% quantum efficiency needed for the attainment of a 25%

tandem solar cell, the flat response of PT#184 must be brought up to the level of

the H041886 peak. We are currently investigating the spectral response of MIS

devices and grown p/n junctions in order to achieve this.

The near term goal of a 25% efficient tandem solar cell requires a 13.5%

efficient top solar cell. Table VII shows our best parameters to date.

Table VII

Best GaAsP on GaP Solar Cell Parameters

Tarqet Actual

Transparency below Eg (%) 95 92.3"

Voc (volts_ 1.46 1.43

Jsc (mA/cm _) 14.9 14.6"*

FF .84 .84

*Single layer AR coating
**MIS Device

The first experimental two-junction, four-terminal tandem cells with GaAsP

top solar cell on a conventional silicon bottom cell has been prepared. The top

cell has an open circuit voltage of 1.397 volts and a fill factor of 0.81,

although the current was low. Nonetheless, the tandem stack outperformed the

conventional silicon solar cell by more than 10%. If the GaAsP top solar cell

were stacked on a state-of-the-art silicon solar cell, an efficiency approaching

20% would have been achieved. A transparency of 95.0% has been achieved with

this tandem structure - this includes grid shading but neglects busbar losses.

Conclusions

Preliminary results are encouraging for the achievement of high conversion

efficiencies using a GaAsP top solar cell mechanically stacked on a conventional

silicon solar oell. A realistic maximum of 29.4% is suggested when both the top

and bottom solar cells are state-of-the-art. Practical system efficiencies
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greater than 25%are attainable in the near future with the use of a state-of-
the-art bottom solar cell.
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A novel class of photovoltaic cascade structures is introduced which features multijunction upper

subcells. These Superstructure High Efficiency Photovoltaics (SHEP's) exhibit enhanced upper subcell spec-

tral response because of the additional junctions which serve to reduce bulk recombination losses by

decreasing the mean collection distance for photogenerated minority carriers. Two possible electrical
configurations were studied and compared: a three-terminal scheme that allows both subcells to be

operated at their individual maximum power points and a two-terminal configuration with an intercell

ohmic contact for series interconnection. The three-terminal devices were found to be superior both in
terms of Beginning-of-Life efficiency and radiation tolerance. Realistic simulations of three-terminal

A1GaAs/GaAs SHEP's show that one sun AMO etficiencies in excess of 26% are possible.

INTRODUCTION

Although considerable effort has been devoted to the development of monolithic III-V cascade cells

with two energy gaps, experimentally attainable conversion efficiencies have, to date, been substantially
lower than the best single-gap cells. The highest reported efficiency for a two-terminal AIGaAs/GaAs cas-
cade cell under one-sun AMO conditions is 15.1% [ref. 1]. Lattice-mismatched A1GaAs/InGaAs cells have

achieved efficiencies of only 13.6% (under one sun AM1.5 conditions) [ref. 2].

There are two principal obstacles which must be surmounted before practical monolithic cascade cells

can become realizable: upper subcell quality must be improved and a low-resistance intercell ohmic con-

tact (IOC) technology must be developed [ref. 1]. In this paper we present a novel class of cascade cells

designed to overcome both problems. These superstructure high efficiency photovoltaics (SHEP's) feature

an upper subcell with multiple junctions for improved performance. Previous work by the authors has

shown that multiple junctions in a single-gap cell can substantially improve spectral response, particularly
for A1GaAs cells of the composition needed for the upper subcell of a cascade device.

A two-terminal configuration is possible for the SHEP's, but they lend themselves most naturally to a

three-terminal configuration. This might seem a serious drawback since three-terminal photovoltaics have

been dismissed as impractical by many authors [refs. 1,2A]: however, this apparent difficulty lead us to an

approach which circumvents the need for an IOC with its attendant electrical and optical losses. Comple-
mentary pairs (npn and pnp) of three-terminal cells in which the upper-subcell short-circuit current of
one is matched to the lower-subcell short-circuit current of the other can be used to obtain a two-terminal

output. Figure 1 shows the electrical configuration and one possible physical configuration of this scheme.

We found only one reference to this idea in the literature [ref. 5], so it appears to have been largely over-
looked.

* Work supported by the National Aeronautics and Space Administration
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DEVICE STRUCTURE AND MODELLING

Cross-sectional views of two possible SHEP structures are shown in figure 2. The five- and seven-

layer structures allow both the upper-subcell emitter and lower-subcell base to be p-doped, which is desir-

able for optimum spectral response (electron diffusion lengths are usually longer than hole diffusion

lengths in III-W compounds). Additional junctions in the upper subcell of the seven-layer structure

prevent transport of collected carriers in the direction transverse to the layers, as occurs in conventional
solar cells. Instead, carriers must be transported in the layer planes to heavily doped contact regions

extending vertically through the superstructure. These regions are known as selective electrodes since they
connect to layers of like doping, while forming reverse-biased junctions (during normal operation) with

layers of opposite doping type. By allowing collected carriers to be transported in the layer planes, selec-

tive electrodes make it possible to incorporate any number of epitaxial layers in the upper subcell. Fabri-
cation of selective electrodes in structures with doping concentrations similar to what one would expect for

photovoltaics ( > 1018cm-3) was recently reported [ref. 6].

The performance potential of the cells was evaluated by means of a detailed computer model, which
allows a wide variety of multilayer, multi-bandgap structures to be investigated. Effects of the selective

electrode regions on the minority-carrier distribution are assumed to be negligible, permitting a one-

dimensional analysis. Doping and composition profiles are assumed to be uniform within each layer and

abrupt at junctions. These assumptions allow closed-form expressions to be used for the contributions of

each layer to short-circuit current, injection current, and space-charge recombination, so that layer
thicknesses can be rapidly optimized. The optimization criterion used was to maximize beginning-of-life

(BOL) efficiency with the subcells operating at their respective maximum-power points. This criterion does

not yield a precise estimate of cell performance in a complementary configuration, which will require the

pnp and npn cells to be simultaneously optimized because of the current-matching requirement already
discussed. Itowever. it will provide a basis for comparing the five- and seven-layer structures as well as a

rough prediction of the efficiency in the complementary configuration (within 1% AMO).

The current-voltage (I-V) characteristics of the three-terminal SHEP's are represented by an Ebers-

Moll model. The coupled-diode equations are:

hv I

x,. x,, 2_E e 2 (1)
J l(v 1.v 2)=J_c 1--Jo ne l_jo 12e Je'_ -v

m Vb m 1

x . . kv2 -- _.Vl ,r.,
J 2(v l?' 2)-_Jsc --do e --Jo e --z.

2 21 22 in Jgrm

)k_' 2

2
e

Vbn _--V 2

(2)

where h = q/kT and the subscript one refers to the upper subcell. The terms Jsc I and Jsc 2 represent the

upper and lower subcell short-circuit current densities, respectively. Coefficients Jon" J°_2" J°2_ and Jo22

determine the dependence of the injected component of the dark current on the subcell terminal voltages.

Coupling of the I-V equations arises from interaction of the injected minority-carrier populations across
the heterojunction separating the upper and lower subcells. The space-charge recombination component of

the dark current is represented by the remaining terms. Each summation is over the homojunctions con-

tained in the corresponding subcell. Note that it is necessary to have a term for each junction because, in

general, the barrier potentials (Vb, ,'s ) will not be the same for all junctions in a particular subcell. If they

were identical, the voltage dependent terms would factor out and one could simply sum over the Je,,,'s to

obtain a composite coefficient as in the case of the short-circuit and injected current terms. To compute the

Je,,, "s we use Choo's theory of space-charge recombination for abrupt, asymmetrical junctions [ref 7].
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Expressions for the contributions of the window, emitter (upper subcell), and base (lower subcell) to

the short-circuit and injected currents are well known and have been published elsewhere [8]. Contribu-

tions of layers bounded above and below by homojunctions are easily derived from the minority-carrier

continuity and current-density equations with the boundary condition of zero excess carrier density at the

depletion-region edges. The contributions of layers adjacent to the isotype heterojunction which separates

the upper and lower subcells are considerably more complicated to calculate because one must account for

interaction between the minority-carrier populations in the layers above and below the heterojunction. The

barrier seen by minority carriers at the heterojunction is the junction built-in potential. This holds under

all bias conditions since doping concentrations in the layers forming the heterojunction are sufficiently high

that junction bias will be effectively zero for typical current densities. The boundary conditions on the

minority- carrier populations are therefore

- exp[q(EF, -(AE_ + EF2))/kT] (1)

Dp,VP,,, = Dt2VP,, 2 (2)

The fermi levels EF, and EF2 are measured from the respectivevalence band edges. Subscript one denotes

the higher gap layer of the upper subcell. These boundary conditions are nearly identical to those
described for low-high junctions [ref. 9]. The only difference is the /kE v term which must be included in

the expression for the junction barrier potential to account for the valence band edge discontinuity at the

heterojunction. We assume that AE v is 40% of the energy gap difference in accordance with recent experi-
mental work [ref. 10].

For all designs studied, the top layer is specified to be a 300 _k Alo.gGA 0,1As window with a surface

recombination velocity of 106cm Is. The antireflection coating is Si 3N4 and grid obscuration is assumed to

be 4%, attainable with existing grid array technology [ref. 11]. The absorption coefficient is modelled as in
reference 12.

RESULTS AND DISCUSSION

We found that efficiencies of optimized SHEP structures vary gradually with upper subcell composi-
tion (figure 3). Broad peaks occur at AlAs mole fraction x = 0.36 for both the five- and seven-layer struc-

tures with maximum BOL one-sun AMO effi_iencies predicted to be slightly in excess oa" 26%. Dependence

of efficiency on composition is expected to become more critical when the current-matching constraints of

the complementary design are imposed. The spectral response of a five-layer SHEP with optimum upper
subcell composition (x = 0.36) is shown in figure 4. Curves for the individual layer contributions include

both depietion and quasi-neutrai region response.

The performance, as diffusion lengths are degraded, of two SHEP structures and a five-layer, series-

connected A1GaAs-GaAs cascade cell is shown in figure 5. With space-charge recombination suppressed
(fig. 5a) the seven-layer SHEP has considerably higher BOL efficiency than the five-layer structure. This is

because the injection component of the dark current depends strongly on layer thicknesses, so that the

effect of thinner layers in the upper subcell more than offsets the effect of having two additional junctions

in that subcell. Unfortunately, the space-charge recombination component of the dark current, which tends

to dominate the injection component at the maximum- power point in AlGaAs cells, is quite independent of

layer thicknesses. The seven-layer SHEP is, therefore, at a slight disadvantage in BOL efficiency because of

the two additional junctions if the effects of space-charge recombination are included (fig. 5b), but its
overall performance is still seen to be superior to that of the five-layer SHEP.

Although simulation of a complementary pair has not yet been performed, the efficiency is expected

to be very close to that of an A1GaAs-GaAs cascade cell with an ideal IOC. The curves in figure 5 were
calculated using this assumption of an electrically and optically lossless 1OC. The BOL efficiency of this
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cell is slightly lessthan27%without space-chargerecombination,which issomewhatlowerthan thevalue
of 27.6%found in an earlier study of AIGaAs-GaAscascadecells(this study neglectedeffectsof space-
chargerecombination)[13]. The optimum upper-subcell composition predicted by our model (x = 0.38)

was also found to be somewhat lower than that of the previous study (x = 0.41). These differences are

probably accounted for by the assumption in our model that diffusion lengths fall exponentially with

increasing AlAs mole fraction, which tends to skew the optimum upper-subcell composition to smaller
values.

It is interesting to compare the degradation curves of the two five-layer structures. The slopes are
seen to be almost identical. This shows that the number of layers is more important than electrical

configuration (two-terminal vs. three-terminal) in determining radiation tolerance. It should be noted that

the IOC of the series-connected cell is assumed to remain ideal even as layer diffusion lengths are degraded.

We therefore anticipate that complementary pairs of multilayer SHEP's will decisively outperform cascade

cells with monolithic IOC's, because of the additional layers and the lack of an IOC which could undergo

degradation.

CONCLUSIONS

We have presented a class of structures designed to surmount the principal difficulties facing the

development of practical lattice-matched monolithic cascade cells. Upper subcell quality is improved by

multiple junctions, and the problem of an IOC is completely circumvented by using complementary pairs

of three-terminal cells. Although simulation of complementary cells has not yet been performed, results
from series-connected structures with an ideal IOC indicate that BOL etficiencies in excess of 25% under

one-sun AMO conditions should be attainable. With higher concentration factors we anticipate conversion

efficiencies approaching 30%. The seven-layer SHEP appears most advantageous, at present, for space appli-

cations because of its superior tolerance to radiation degradation. If the effects of space-charge recombina-

tion were reduced, which would entail reduction of deep level impurities and vacancies, structures with

even greater numbers of thinner layers could substantially increase performance.
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DESIGN CONSIDERATIONS FOR A GaAs nipl DOPING SUPERLAITICE SOLAR CELL

Ralph Clark and Chandra Goradia

Cleveland State University

Cleveland, Ohio

and

David Brlnker

NASA Lewis Research Center

Cleveland, Ohio

A new GaAs nlpl doping superlattlce solar cell structure is presented, which

holds promise for a high efficiency coupled with very high radiation tolerance.
This structure uses the CLEF1 process and has all contacts on the unillumlnated

side. It is different from our structure proposed at the last SPRA1 conference.

Next, design constraints are presented which this structure must satisfy in order

to exhibit high efficiency and high radiation tolerance. Finally, results of self-
consistent quantum mechanical calculations are presented which show that a viable

design of this cell would include relatively thick (NSO0 k) n and p layers which are
fairly heavily doped (2xlO 18 to 5xlOlS/cm3).

INTRODUCI ION

At the previous SPRA1 conference in 1985, we presented a GaAs nlpl doping

superlattlce solar cell structure which showed promise for high efficiency and very

high radiation tolerance (ref. l). This structure is shown in figure I. A unique

feature of this structure was that photogenerated carriers are very quickly sepa-
rated by the built-ln electric field in times ranging from lO-12 sec to lO-10 sec

and that these carriers then flow parallel to the superlattlce layers, a direction

of easy carrier flow. This is in contrast to stralned-layer and other superlattlce

solar cell structures that have carrier flow normal to the layers, a direction of
difficult carrier flow. However, it was also pointed out then that one major draw-

back of this structure was that, even after separation, the carriers could recombine

across the "indirect gap in real space" before they reached their respective selec-

tive ohmic contacts. In addition, the photocurrent flows along the length of the

thin layers between neighboring selective ohmic contacts and may lead to a severe
series resistance problem. These two facts put constraints on the minimum lifetime

of already-separated carriers across the indirect gap in real space, on the maximum

distance between adjacent selective ohmic contacts, and on the minimum two-

dimensional carrier densities in the n and p layers.

In order to calculate the lifetime across the indirect gap in real space, it

is necessary to calculate the overlap integral of the electron and hole wavefunc-

tlons over one period of the superlattlce, averaged over all the subbands of the
conduction and valence bands. This requires self-conslstent calculations between

Schr_dlnger's equation and Poisson's equation, since the potential function in the
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former equation is the solution to Polsson's equation and the charge density func-
tion in the latter depends on the solution to Schrodinger's equation. These calcu-

lations are rather difficult and time-consuming, and we had Just begun them at the

time of the previous SPRAT conference.

CELL SIRUCIURE

We have now completed these self-conslstent quantum mechanical calculations for

a large number of combinations of layer thicknesses of the n, i, and p layers and of

dopings in the n and p layers. These results have shown that our original structure

of figure l would not work efficiently. We have come up with the modified structure

of figure 2 which is based on the CLEF1 process (ref. 2) and has all contacts on the

back side, making it possible to have closely spaced contacts without having to

worry about grid shadowing.

Figure 2(a) gives a basic idea of the method of cell fabrication. Starting

with a GaAs substrate, a thin epitaxial layer of GaAs is grown as in the CLEF1

process (ref. 2). On this is grown an undoped AIGaAs layer of appropriate thickness
(0.2 to 0.5 _m); this layer will serve as a window for the finished cell. On the

AIGaAs layer is grown the GaAs nlpi superlattlce with lO periods of O.l- to 0.2 _m

each for a total thickness of l to 2 _m. V-grooves are photolithographically etched

in the superlattlce (ref. 3), and alternate grooves are ion-implanted n+ and p+
in an interdigltated fashion. The grooves are then metallized to form ohmic con-

tacts to the n+ and p+ selective contacts. A rigid backing is then applied for

structural support, leaving only the n+ and p+ bus bars exposed for external

contacts. The backing material should be a good thermal conductor but an electrical

insulator. The cell is then cleaved off the GaAs substrate by the CLEFI process

(ref. 2), and the GaAs layer above the AIGaAs window is etched off. Finally, an

antlreflectlon coating is applied over the AIGaAs window. The finished cell is

shown in figure 2(b), with light entering through the AIGaAs window.

DESIGN CONSTRAINIS

We have taken a close look at the design constraints that must be satisfied in

order for the cell to exhibit high efficiency and high radiation tolerance. We have
derived expressions for the minimum lifetime across the indirect gap in real space,

and the minimum values of carrier concentrations in the n and p layers required to

keep series resistance and recombination losses within acceptable levels. All of
the design constraints are treated in detail in reference 4. Here, we summarize

these constraints for the GaAs nlpl superlattice solar cell of figure 2(b), operat-

ing at 20 AMO, 27 °C (300 K). They are as follows:

(1) total superlattice height or thickness of at least l- to 2-_m to absorb
most of the incident photons;

(2) at least 8 to lO superlattice periods in order for our quantum mechanical
calculations to apply;

(3) a distance between neighboring selective ohmic contacts of about 20 _m;

(4) highly reflecting rear metallization;
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(5) thicknesses of n, i, p layers and dopings in n and p layers such that under
operating conditions at a forward voltage of about 1.00 V (estimated to be the maxi-
mum power voltage at 20 AMO, 300 K) the average electron and hole concentrations are
at least 5xlOl?/cm3 and the lifetime for recombination across the indirect gap in
real space is at least I0 _sec;

(6) thicknesses of the n and p layers no larger than about 600 A, so that even
after irradiation to a fluence of IxlO 16 l MeV electrons/cm 2 or IxlO 13 lO MeV

protons/cm 2, the maximum distance a carrier has to diffuse in a low-electric field

region is shorter than the carrier diffusion length.

RESULTS

Table I shows the various combinations of layer thicknesses and dopings con-

sidered. The lifetimes of already-separated carriers are plotted versus the forward

voltage in figure 3. For an open circuit voltage of l.l V and an operating voltage

(at maximum power) of about l.O V, it is seen that most combinations give lifetimes
of about lO msec or larger. Figure 4 shows the average hole concentration in the p

layers versus the forward voltage. For the CLEFI type structure of figure 2(b),

operating at 20 AMO and 27 °C, we have calculated that for a 20-_m spacing between

adjacent contacts, the required minimum lifetime of already-separated carriers is
-lO _sec and the required average hole concentration is 5xlOl?/cm 3, in order to

keep the ohmic voltage drop across the series resistance to about 20 mV at short

circuit. From figure 4, combinations l, 2, and 15 from table I appear promising,

15 being perhaps the most promising. It then appears that, in order to meet the

design constraints outlined earlier, the most convenient design of this cell would

have the n and p layers of thickness around 500 k, with relatively heavy dopings of
2xlO 18 to 5xlOIB/cm 3, and i layers may be thin or thick (-500 k). The lifetime

requirement is easily met by just about any combination of thicknesses and dopings;
the constraint on minimum carrier concentrations to minimize the series resistance

loss is the more stringent requirement.

We have not yet theoretically generated the illuminated I-V characteristics of

this device so as to give us the calculated performance parameters, both at begin-

nlng of life and after irradiation. Hence, at the present time, we cannot provide

any calculated numbers on the expected efficiency and radiation tolerance of this

device. This is an extremely difficult and laborious problem requiring 2 to 3 more

years of work. However, it is possible to argue on theoretical grounds, as we have

done previously (refs. l and 4), that this structure should exhibit a beglnning-of-

llfe efficiency that is nearly the same but somewhat smaller than that of a well-

designed conventional GaAs concentrator solar cell operating under the same

conditions and should exhibit a very high radiation tolerance. The next step is the
actual fabrication and testing of this structure.
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TABLE I. - COMBINAIIONS OF LAYER THICKNESSES AND DOPINGS

CONSIDERED FOR SELF-CONSISTENT CALCULATIONS AND USED

IN PLOITING FIGURES 3 AND 4

Superlattlce d(A) dn dp di

1 800 175 175 225

2 I000 469 469 31

3 1200 338 338 262
4 12DO 562 562 38

5 140O 656 656 44

6 1400 656 656 44

7 1400 394 394 306

8a 1400 394 394 306

9 1400 394 394 306

lO 1400 219 219 481
II 1400 394 I006 0

12 1600 450 450 350

13 13DO 750 750 50

14 2000 562 562 438

15 2000 562 562 438

16 4000 1875 1875 125

Nd

5xlO 18

2xlO 18

l .5xlO 18
IxlO 18

l .IxlO 18

8xlO l?

IxlO 18

IxlO 18

2xlO 18

2xlO 18

2xlO 18

8xlO l?

IxlO 18

5xlO l?

5xlO 18

l.6xlO l?

N a

5xlO 18

2xlO 18

l.SxlO 18
lxlOl8

1.IxlO 18

8xlO l?

lxlO 18

IxlO 18

2xlO 18

2xlO 18

6.7xi0 l?
8xlO 17

IxlO 18

5xlO 17

5xlO 18

l.6xlO 17

aSuperlattlce 8 used m_ = mA = 0.067m e.
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Voltage versus Carrier Concentration
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PROCESSING AND CHARACTERIZATION OF HIGH-EFFICIENCY

SILICON SOLAR CELLS FOR SPACE

G. T. Crotty

California Institute of Technology

Jet Propulsion Laboratory

Silicon solar cells with AM0 efficiencies ranging from 17 to 17.7% are described.

These cells were processed on low-resistivity FZ substrates using techniques recently

developed for high-efficiency terrestrial silicon solar cells. Not surprisingly, pre-

liminary results indicate that the JPL high efficiency cell is more susceptible to

radiation damage in that it retains a smaller proportion of its original power output
when compared to conventional space cells after exposure to 5 x 10 1 1MeV electrons.

However, the JPL cell does maintain a greater overall power output than the conven-

tional cells to which it was compared. Furthermore, this cell does not demonstrate

post-electron irradiation photon decay as has been described for cells processed on

I-I0 ohm-cm float zone silicon.

INTRODUCTION

To meet NASA goals for high performance, arrays of 300 W/kg will require thin

solar cells with BOL efficiencies >20%, or thin film devices with equivalent power-

to-weight ratios (ref. I). A number of technologies such as GaAs, thin film multi-

junction cells, indium phosphide and a-Si:H show promise of meeting or exceeding

these goals and are currently in various stages of development.

Until these technologies mature, however, silicon will continue to be the work-

horse of the space photovoltaics industry. This is most likely to be the case for

some time and silicon should be expected to maintain a place in spacecraft power

systems even as other technologies begin to prove themselves as viable alternatives.

The theoretical maximum efficiency for a silicon solar cell at AMO is between

21 to 24%. Actual achievable efficiency will be considerably lower, but it is prob-

ably not unrealistic to strive for 18 to 19%. Recently, considerable progress in

increasing terrestrial silicon solar cell efficiency has been made. JPL's DOE-

supported efforts have resulted in silicon solar cells with AMI.5, global efficiencies

as high as 20%. At AMO, these same cells measure 17.7%.

These cells, although initially designed primarily for terrestrial use, may

conceivably find application in space. This paper will describe the design and

processing of the JPL high-efficiency cell. Also discussed, will be preliminary

tests of these cells to moderate 1MeV electron radiation and comparison to conven-

tional space cells. Post-electron irradiation photon degradation will also be

discussed.
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DESIGNANDPROCESSING

The JPL high-efficiency silicon solar cell incorporates many of the recent
developments in solar cell processing technology designed to reduce minority carrier
recombination in the bulk, at the front surfaces and under the contacts. Figure I
is a diagrammatic view of the JPL high-efficiency cell. The structure of this cell
is similar to the microgrooved PESCcell reported by Green, et al. (ref. 2), in that
the contacts rest on mesasabove a textured surface. The mesasoffer two advantages.
Oneis that since the surface is not textured, it reduces the total surface area
contacted by the metal. The other advantage is that they aid in the alignment of
the masks during various photolithography steps.

Following texturing, the N-type emitter is formed using a phosphine source at
825°C. Total diffusion time is 15 minutes. After removing the diffusion glass, the
wafers are oxidized at 900°C in an atmosphere composedof 94.5% N2, 4.5% 02, and
i% HCI. This step results in an oxide that has been measuredon planar <100> surfaces
to be 100-120 A thick. Following oxidation, the wafers are annealed at 600°C for
one hour. The furnace is then cooled to 450°C. After cooling, the wafers are kept
at 450°C for one hour, and then pulled from the furnace. This annealing step was
chosen because it has been found to recover the minority carrier lifetimes in float
zone ingots after high temperature treatments (ref. 3).

Ohmicback contacts are formed by electron beamevaporation of AI, Ti, Pd and
Ag followed by a 20 minute sinter at 490°C in hydrogen. Front contact to the cells
is madeby opening 4-vm-square contact windows in the oxide and then evaporating the
Ti, Pd and Ag grid lines and bus bar over the windows. These windows were spaced at
50, 100, 200 and 400 _m centers for each of the four cells processed on an individual
wafer. This spacing results in actual contact areas of 0.575 to 0.075% of the total
cell surface. Table I lists the spacing percent contact area for each cell measured.
Shadowingfrom the front contact grid amounts to approximately 3.3% of the total cell
surface.

The primary purpose for varying the contact area was to determine the effect of
contact area on Voc and series resistance. From Table I, Voc does not show the
expected increase with decreasing contact area. This may be because recombination
in the base and emitter, along with band bending effects have begun to dominate so
that recombination under the contacts is no longer relevant. As can be seen from
the fill factors in Table I, series resistance does not increase with decreasing
area.

RADIATIONTESTS

To gain someunderstanding of the extent to which these cells might degrade in
the space environment, cell 2B from Table 1 was irradiated with 5 x 1014 1 MeV
electrons. Light I-V data for this cell is summarizedin Table II.

The power degradation of the JPL cell was compared to that of two types of
cells routinely used in space photovoltaic arrays (ref. 4). K6-3/4 is a 2-mil cell
with a dual layer AR coating. K7 is similar in design to the JPL cell in that it is
textured, has a dual layer AR coating and is 8 mils thick. Both K6-3/4 and K7 were
fabricated on i0 ohm-cmbase material and have back surface fields and reflectors.
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Figure 2 exhibits the power loss of cells K6-3/4 and K7 through a range of 1MeV
electron fluences along with the JPL cell before and after 5 x 1014 1MeV electrons.
Cells K-6/34 and K7 retained 75 to 85%of their original power. The JPL cell exhibits
considerably more deterioration in that it maintains only 67%of its original power
output. Nevertheless, the power output of this cell is still 2.3% greater than for
cell K6-3/4 and 4.3% greater than cell K7.

Float zone silicon has not typically been used on space arrays in part because
of the additional photon degradation observed for devices made on I-I0 ohm-cmFZ
material (ref. 5). Even though devices processed on float zone material may initially
demonstrate higher performance than devices made on Cz material, after electron
irradiation, the performance of the float zone devices deteriorates to where they
are comparable to Cz devices after photon irradiation. Therefore, Cz is the material
of choice since it is less costly and easier to obtain.

Photon degradation was also expected for the JPL cell. Table II summarizesthe
light I-V data for cell 2B following a 24-hour photon irradiation period carried out
after 5 x 1014 i MeVelectron irradiation. Surprisingly, no further degradation
is observed for this cell processed on low-resistivity float zone material.

These radiation studies to date are encouraging, even though the results are
very preliminary. If the trend toward higher post-irradiation power output continues,
it is possible that this material and device structure may find future mission appli-

cations.

CONCLUSION

The significant increase in efficiency exhibited by the JPL high-efficiency

cell is derived primarily from optimization of relatively conventional design

approaches. These include very high-quality starting material, textured surfaces,

front surface passivation, reduced contact area and reduced contact shadowing.

The behavior of these cells in radiation is encouraging in that they maintain a

higher power output after 5 x 1014 1MeV electrons than for conventional space cells

and do not suffer from photon degradation.
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Table I - AM0I-V Data for 7 of the JPL High-Efficiency Silicon Solar Cells

Cell S* Contact Voc Isc Fill Effic.
ID (_m) Area (%) (mV) (mA) Factor (%)

1A 400 0.575 647.0 179.4 0.799 17.14

ID 50 0.075 649.2 179.2 0.804 17.27

2B 200 0.29 650.4 176.8 0.810 17.20

3B 200 0.29 652.8 178.1 0.802 17.23

3C 100 0.15 660.1 178.4 0.815 17.74

4A 400 0.575 649.2 178.9 0.801 17.20

4D 50 0.075 649.7 178.9 0.805 17.30

*S = contact spacing

Table II - I-V Data for Cell #2B

Voc
(mv)

650.4

587.2

588.7

Isc
(mA)

176.8

126.3

127.7

Fill

Factor

0.810

0.795

0.794

Effic.

(z)

17.2

11.50

11.51

Remarks

Prior to 5 x 1014 1MeV

electron irradiation

After irradiation

After 24-hr photon

irradiation

85



NG

IN OXIDE

4#m x 4_um

ZD

SURFACE
FRONT

CONTACT

(Ti-Pd-Ag)

OXIDE

250-300_m

Figure i.

N +

3_m

DE

(_ 100AI

P-TYPE

FZ

0. 18 OHM-CM

'BACK

METAL

(AI-Ti-Pd-Ag)

Schematic diagram of the JPL high-efficiency silicon solar cell

Figure 2.

24

22

2o

18
o
"' 16

14

10

I I | I I I I I] I I I I IIII I l I I I I I II

--_K7

-- 6

0 lO 161013 1014 1015

2
ELECTRON FLUENCE, e/cm

Maximum power vs. I MeV electron fluence for JPL high-efficiency cell and

2 conventional space cells. Maximum power after 5 x 1014 e/cm 2 is 15.6

mW/cm 2 for the JPL cell, 15.2 mW/cm 2 for K6-3/4 and 14.9 mW/cm 2 for K 7.

86



DESIGN STUDY OF LARGE AREA 8 cm x 8 cm

WRAPTHROUGH CELLS FOR SPACE STATION

N87-26424

George F.J. Garlick and David R. Lillington

Spectrolab, Inc.

Sylmar, California

This paper reports on the design of large area silicon solar cells for the pro-

jected NASA Space Station. It is based on the NASA specification for the cells

which calls for an 8 cm x 8 cm cell of wrapthrough type with gridded back contacts.

The Beginning of Life (BOL) power must be 1.039 watts per cell or larger and maximum

End of Life (EOL) after ten years in the prescribed orbit under an equivalent IMeV

electron radiation damage fluence of 5x1013 e/cm 2. On orbit efficiency is to be

optimized by a low thermal absorptance goal (thermal alpha) of .63.

Within the above specification there is some latitude left to the designer in

such factors as choice of cell type e.g. base resistivity, thickness and presence or

absence of a back surface field (BSF) and planar or textured front surface. Emphasis

is also placed on fabrication cost and power/weight ratio.

The design study was carried out under Task I of NASA contract NAS3-24672. This

task covered a period of three months. It combined detailed computer modeling with

input of actual data from previous cell diagnostics for factors such as radiation

hardness, antireflection coating optimization and thermal alpha tests.

The relatively novel features of such cells are their large size, gridded back

contacts and wrapthrough system. In this study, computation is extended beyond the

required limits for completeness. For example cell performance was considered out to

fluences of 1014 and 1015 1 MeV e/cm 2 and the effects of front and back surface

passivations were found.

THE DESIGN STUDY

Choice of Cell Type

Choice of cell type is strongly influenced by the radiation damage (EOL) after

5x1013 1 MeV e/cm 2 fluence. However, this is small enough to include BSF cells in

the considerations and also cells with lower base resistivities. Thus we considered

cells of both 2 and i0 ohm-cm resistivities and in relation to manufacturing costs we

considered both thin (4 mil) and thick (8 mil) cells. As shown below these choices

can yield cells which lie above the minimum BOL power requirements. Textured and

planar front and back surfaces were also considered. The various possibilities are

shown schematically in Figures la through id.

The Modeling Basis

Computer programs have been developed which are based on the accepted analytical

equations for cell transport processes. Typical parameters entered into the

programs for cells are given in Table I. The emitter characteristics are very similar

to those optimized for space cells by Spectrolab after many years of experience.

Variables of particular importance are the front and back surface recombination
velocities. The usual front surface value is 5.104 cm/s when the emitter is thin but
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for thicker emitters (deeper junctions) this velocity becomescritical and must be
reduced to around I000 cm/s. In the case of the back surface without BSFwe find
that the P-silicon to aluminum contact has a recombination velocity of about 1500
cm/s. Whena BSFis present, best values are I0 cm/s but having in mind the use of a
boron diffused or implanted BSFconsidered for the Space Station cells we adopted a
more conservative estimate of i00 cm/s.

With respect to the antireflection coatings on front and back surfaces we again
used data from previous work adding to them the analysis of the situation where a
passivation layer of relatively low refractive index underlies the A.R. coating. The
A.R. reflection spectra of actual cell types and also those computedfor cells with
the added passivation layers were used in the cell performance computations.

In order to maximize cell power whengridded front and back contacts are used
the series resistance must be minimized. Spectrolab has computer models which, given
a specific grid geometry, carry out optimization analysis to minimize resistive
losses. Consideration of deeper junctions was included since these will reduce the
sheet resistance of the emitter layer. However, as shownlater and mentioned above,
there is then a critical need to lower front surface recombination velocities by
passivation.

Modeling Results

In this section we present the results of modeling for the cells at 25°C. These
are then used in the next section to determine on orbit performance.

Series Resistance Minimization

Figure 2 gives the important parameters for the model which gives optimum grid
geometry for minimumseries resistance. They comprise the grid line dimensions and
grid spacing, sheet resistance of the emitter region and ohmic bar dimensions. Grid
line tapering is also taken into account. Effects of base and gridded back structure
are also included. The latter is not as critical as the front grid structure.

To use the results for each design of wrap structure a value for series resistance
so derived is used in obtaining an I-V curve for each cell and so cell power is found.
The grid analysis involves an iterative nodal approach along each grid line. A favor-
able set of dimensions is a grid height of 10_M, a width of 25UM(average along taper)
and a grid spacing of 800_M. A similar set of dimensions was chosen for the back
contact grid system positioned to match the front structure.

Figure 3 showsone possible approach to the front and back contact designs for
an 8 cm x 8 cm cell. Eight P+ contacts are provided with 4 N+ contacts. The series
resistance for each of various cell types are later included in the cell performance
assessment in Table 3. Other wrapthrough options such as small laser drilled holes
which may reduce the wrapthrough contact area and shunt leakage losses are also
currently being considered for the cell design.

Input Power Optimization

Optimization of input power is critically dependent on the attainment of minimum
reflection of solar flux at the front surface by suitable antireflection coatings
(A.R.) which mayhave to be deposited onto a passivation layer of lower refractive
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index formed on the emitter surface. Programsexist at Spectrolab which, given the
solar irradiance spectrum, the reflection spectrum of the silicon itself and the
nature of any passivation layer, can by an iterative process determine the optimum
thicknesses of dual A.R. layers of given materials. Figure 4 gives an illustration
of their efficacy. A standard A.R. dual layer coating on top of a I00_ passivating
silicon dioxide layer will greatly offset the A.R. performance. However, application
of the programs gives adjusted A.R. coating thicknesses which can restore the perfor-
mance.

Linked to the optimization of front surface A.R. coatings to minimize reflection
across the active cell spectrum is the need to maximize transmission of the unwanted
radiation through the back surface. In this way the thermal alpha for the cell is
minimized. Figure 5 gives an empirical comparison of planar and textured cells with
'glassed' gridded back cells and A.R. coatings on both faces. The cells were 2 cmx
2 cmand boron was used as the BSFdopant where appropriate. The coverglass used was
OCLI fused silica with a multilayer UVRcoating on the backside and MgF2 A.R. coating
on the front side. The cells were glassed on the front side only. The excellent mini-
mization of thermal alpha for the planar cells is very evident and is unaffected by
the use of boron as a BSFdopant. The effects of these front and back surface reflec-
tion optimizations on cell peformance, particularly on orbit is brought out in Table 2.

Cell Performance Optimization

The reflection spectra of Figure 3 can be used together with the solar irradiance
spectrum in the main cell computer programs to compute the operational parameters of
the cells. The specifications required by NASAare for cells operating at 25°C and
so the first five columns of data are for this case. However, it is important to
determine what the "on orbit" cell performance will be and so using the thermal alpha
value determined for each cell type from data such as those of Figure 5 we have calcu-
lated the on orbit temperature and then the cell efficiencies on orbit, by meansof
the formula:

T4= S(_-n)
O(_I+_2)

where S = radiant energy falling on cell equal to the solar constant for normal inci-
dence,

= solar absorptance of the incident surface or thermal alpha,
gl = hemispherical emittance of front surface,
g2 = hemispherical emittance of back surface,

= Stefan's constant and
T = operating temperature of the cell in °K.

Figure 6 depicts the dependenceof cell on orbit temperature on thermal alpha
for a number of different cell photovoltaic efficiencies. Positions are indicated
for different cell types chosen in our design study and for an ideal cell. It should
be noted that the ideal thermal alpha is higher than the planar cell case. This is
because perfect absorption is not attained over the cell active response spectrum in
practice. Figure 7 gives other essential information namely the dependenceof cell
efficiency on temperature for various cell types and also indicates the temperature
appropriate to each type as given by the respective thermal alpha value. These
determinations enable us to compute the on orbit performance of the cells which is
presented in the last two columns of Tables 2a and 2b.
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From the results shownin Tables 2a and 2b it was possible to eliminate certain
cell types from the list of possible candidates. It is clear, for instance, that
sculptured cells, although providing a high efficiency at 25°C, currently have too
high thermal alpha to be useful in a planar array since the on orbit operating temper-
ature is too high. This results in the 'on orbit' efficiency being lower for sculp-
tured cells than for planar cells. However, there is someevidence that the thermal
alpha of gridded back sculptured cells may be significantly improved by further
process modification. This work continues to be supported under NASALeRCcontract
NAS324672 but will not be reported on here.

Further, more detailed modeling was performed on planar cell typoes considered
to be most promising for use on Space Station given present thermal alpha data.
These types were 2 ohm-cm8 mil planar, 2 ohm-cm4 mil planar BSF, 2 ohm-cm8 mil
planar BSF, and i0 ohm-cm4 mil planar BSF. Additionally detailed grid modeling was
performed on these cell types to differentiate between wraparound (WA) and wrapthrough
(WT) cell types since there are someseries resistance implications. The 25°C and on
orbit (approximately 20°C) data for these cells is shownin Table 3. Wediscuss the
tabled results below.

DISCUSSION

From the results of our modeling shownin Table 3 it is apparent that the choice
of cell most suitable for Space Station is determined to someextent by the projected
lifetime of the cell. If a i0 year lifetime is considered, corresponding to a fluence
of approximately 5.1013 1 MeVelectrons cm-2, then the 2 ohm-cmplanar 4 mil cell
with boron BSFhas an EOLefficiency significantly greater than the 8 mil 2 ohm-cm
planar non-fielded part. This is because the degradation in diffusion length at
5.1013 1 MeVelectrons cm-2 is not sufficient to have significantly reduced the
effect of the BSF. At 1014 1 MeVfluence (corresponding to 20 year life) the effect
of the BSFis almost eliminated and the efficiencies of the fielded and non-fielded
parts begin to converge. Generally the i0 ohm-cm4 mil part does not maintain power
to EOLas well as the 2 ohm-cmparts. Webelieve this is due to the higher doping
concentration in the 2 ohm-cmsubstrate which suppresses I01 (the first diode satu-
ration current). Based on current radiation damagecoefficient data for 2 ohm-cm
silicon we do not see a catastrophic fall in diffusion length with radiation which
would otherwise increase I01.

In terms of cell configuration it is clear that the wrapthrough design consis-
tently yields higher values of efficiency than the wraparound design. This is a
direct result of reduced resistive losses in the grids due to the shorter average
distance that current has to flow to the ohmic current collection bar. This is
evidenced by the value of Rs shownin column 3 of Table 3.

The decision whether or not to produce a 4 mil product for Space Station (vs 8
mil) is predicated largely on yield arguments. In efficiency terms there appears to
be little difference between a 2 ohm-cm4 mil, K6 wrapthrough cell and a 2 ohm-cm8
mil wrapthrough cell. For instance at BOLthe efficiencies are 14.7% and 14.5% for
the 4 mil and 8 mil cells respectively, whilst at IEI4 1 MeVelectron fluence the
efficiencies are 13.5% and 13.1% respectively. Since cost will be a major issue for
the Space Station cell and since yield is certain to be higher on the 8 mil cell, it
was decided jointly by NASAand Spectrolab, with input from other aerospace companies,
to pursue the 8 mil K6 planar cell in the Task II engineering development phase.
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Front Surface Recombination

Velocity B F

N + Emlt_er Doping

Conc _ Junction

Depth Xj

Base Doping Cone N A _I

\
Back Surface Recombination

Velocity at P/P* Interface S B

Base Thickness W B

PARAMETERS USED IN MODELING OF TABLE I

Emitter

Xj = 0.15 microns

- 2.38 microns

Dp = l. TA cm 2 S -I

SF = 5E& cm S -I

+ -3

N D (mean) - 5E18 cm

i00hm-cm 20hm-cm

Base Base

=
= 700 microns L N 300 microns

DN = 35 cm 2 S -1 D N = 28 ¢m 2 S -I

SB = i00 cm S -I S B = i00 cm S -1

-3

N A - 1.4 El5 cm N A = 7.5E15

TABLE I: SCHEMATIC OF SOLAR CELL STRUCTURE

SHOWING MOST IMPORTANT MODELING

PARAMETERS AND THOSE VALUES USED

IN OBTAINING PRELIMINARY RESULTS

OF TABLE i.
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Effy

Fluence Voc Jsc @ 25°C

Cell Type _(e cm -2) mV mAcm -2 %

2 ohm-cm, 8 mil, K4 0 595.0 38.3 13.1

" " 5 x 1013 583.0 37.6 12.5

.... 1 x 1014 576.1 37.1 12.2

2 ohm-cm, 8 rail, K5 0 583.3 42.1 14.0

" " 5 x 1013 571.3 41.3 13.2

I x 1014 564.3 40.8 13.0

P/Po FF*

I 0.780

0.96 0.775

0.93 0.773

I 0.770

0.96 0.761

0.93 0.763

Thermal

Alpha

0 63

063

0 63

081

0 81

0 81

2 ohm-cm, 4 mil, K6 0 618.6 38.6 13.8 I 0.783 0.63

" " 5 x 1013 596.3 38.0 13.0 0.94 0.777 0.63

" " I x I014 585.5 37.6 12.6 0.91 0.774 0.63

2 ohm-cm, 4 mil, K7 0 606.7 42.2 14.7 I 0.774 0.81

" " 5 x 1013 584.4 41.6 13.8 0.94 0.768 0.81

" " I x 1014 573.5 41.1 13.3 0.91 0.763 0.81

*Assumes series resistance = 800 mohm-cm 2

Effy

On Orbit

%

13.5

12.8

12.6

12.5

12.0

11.6

14.1

13.2

12.9

13.2

12.3

12.0

Table 2a : Computed AMO Cell Characteristics

of Different Cell Types as a

Function of 1 MeV Electron Fluence

Using Reflectance and Transmittance

Data of Figure 5.

Cell Type

Ef_y Effy

Fluence Voc Jsc @ 25°C Thermal On Orbit

#(e cm -2) mV mA cm -2 _ P/Po 'FF* Alpha %

I0 ohm-cm, 8 mil, K6 0 592.4 39.6 13.4 I 0.776 0.63

" " 5 x 1013 553.6 38.8 12.1 0.90 0.764 0.63

" " " I x 1014 541.3 38.2 11.6 0.87 0.761 0.63

10 ohm-cm, 8 mil, K7 0 580.9 43.7 14.4 I 0.767 0.81

" " 5 x I013 541.7 42.8 12.9 0.90 0.755 0.81

" " I x 1014 529.4 42.1 12.4 0.86 0.751 0.81

I0 ohm-cm, 4 mil, K6 0 599.4 38.8 13.4 I 0.778 0.63

" " 5 x 1013 565.8 38,5 12.3 0.92 0.767 0.63

" " I x 1014 557.6 38.2 11.9 0.89 0.763 0.63

10 ohm-cm, 4 mil, K7 0 587.6 42.5 14.2 I 0.770 0.81

" " 5 x I013 552.9 42.1 13.I 0.92 0.758 0.81

" " I x 1014 539.4 41.8 12.6 0.88 0.753 0.81

*Assumes series resistance - 800 mohm-cm 2

13.7

12.6

11.9

12.9

12.0

11.6

13.7

12.8

12.5

13.0

12.1

11.7

Tab _e 2b • Computed AMO Cell Characteristics

of Different Cell Types as a

Function of 1 MeV Electron Fluence

Using Reflectance and Transmittance

Data of Figure 5.
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Table 3 : Predicted AMO 25°C and 'On Orbit'
Performance of'Selected Cell Structures
with Optimized Grid Designs

Cell T£_e
Fluence Rs PmaxW E[fy FF

d(e cm -2) mill/ohm cm -2 (25"C) (25=C) (25"C

2 ohm-cm 8 mil K4 WA 0 504 1.09 13.4 0.80
5 x 1013 504 1.04 12.82 0.79

I x 1014 504 I:01 12.5 0.79

0 268 I.II 1].6 0.81

5 x 1013 268 1.06 13.0 0.81
I x I014 268 1.03 12.7 0.80

0 454 I.I] 14.2 0.80
5 x 10 13 454 1.09 13.4 0.80

I x 1014 '454 1.05 12.9 0.79

0 260 1.17 14.3 0.81

5 x I013 260 I.I0 13.5 0.81

I x 1014 260 1.07 13.0 0.80

0 619 I.I0 13.5 0.79

5 x lO 13 619 1.02 12.5 0.78
l x 1014 619 0.98 12.0 0.77

0 289 1.12 1].8 0.81
5 x 101] 289 1.04 12.8 0.80

1 x 1014 289 1.00 12.1 0.79

2 ohm-cm 8 mil K4 WT

2 ohm-cm 4 mjl K6 WA

2 ohm-cm 4 mil K6 WT

I0 ohm-cm 4 mil K6 WA

10 ohm-cm 4 mil K6 WT

Total Cell Area 60.14 cm 2. WA = Wraparound. WT-Wrapthrough

Ef{y on Orbit
} (_20°c)

13.8

13.2

12.8

14.0

13.4

13.0

14.5

13.7
13.3

14.7

11.9

13.5

13.8

12.9
12.4

14.2

13.2
12.7
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ULTRALIGHT AMORPHOUS SILICON ALLOY PHOTOVOLTAIC MODULES

FOR SPACE APPLICATIONS

J.J. Hanak, Englade Chen, C. Fulton, and A. Myatt

Energy Conversion Devices, Inc.

Troy, Michigan

and

J.R. Woodyard

Wayne State University

Detroit, Michigan

Ultrallght modules based on amorphous silicon alloys have been described

recently as potentially useful for photovoltalc (PV) space arrays (ref. I).

They consist of thln-film multljunctlon solar cells deposited on polymeric

substrates and interconnected in series and in parallel in a monolithic

manner. Because of their extreme thinness, as small as 8 _m, ver_ high

specific power, in excess of 2.4 kW/kg and high stowabillty of 6.5 MW/m J have

already been achieved. The modules are also flexible, so that they can be

rolled up repeatedly to diameters of 3 cm or less. They are highly tolerant of

physical damage, such as piercing by projectiles. They show improved radiation

resistance to I-MeV electrons and protons, by as much as 3 and 50 times,

respectively, compared with crystalline Si and GaAs cells and also an

improvement over CulnSe^. Decreases in performance from exposure to light

and ionizing radiation Zcan be completely reversed by annealing at 160 to

200°C. Therefore, use of deployable and retractable arrays is proposed,

which would not use glass covers and instead could be periodically annealed by

solar heat inside their canisters. The monolithic structure facilitates design

and fabrication of high voltage arrays required for high power systems. Large

gains have also been made in the conversion efficiency and stability of a-Si

alloy cells. A 13% AMI efficiency and excellent optical stability have been

already reported in devices consisting of a triple stacked cell structure and

dual band gap materials a-SI:F:H and a-Si:Ge:F:H. AMO efficiency of 10% has

been measured over active areas for similar cells. An update is given on the

progress in this rapidly developing field, with emphasis on irradiation damage

with 0.2 and I-MeV protons and subsequent annealing behavior. Conceptual

designs of large arrays, up to 1MW, based on present engineering data are also

presented.

INTRODUCTION

The development of ultrallght, large-area, monolithic, flexible, roll-up

modules, reported recently (ref. I), is based on the unusual properties of the

a-Si alloys and the rapid advances in PV technology based on them. Because of

their very high optical absorption, solar cells made of a-Si alloys are less

than one micrometer thick and their specific power exceeds 60 kW/kg, which is

by far greater than for any crystalline material. Recent advances in device

performance include exceeding of AM1 conversion efficiency of over 11% for

single, wide-bandgap NIP cells of a-Si:F:H and reaching 10% with narrow-gap

_This work has been done for Sovonics Solar Systems
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a-Si:Ge:F:H NIP cells (2, 3). These cells play an important role in achieving

high efficiency with spectrum-splitting, multljunctlon devices. Next is the

development of multljunctlon (ref. 4), multlgap cells which have yielded AM1

efficiency of 13% with excellent stability (ref. 5). Efficiency of 30% has

been forecast for such cells (ref. 6). The third is the achievement of

excellent optical stability (ref. 7) with Sovonics multijunction cells using

fluorine in the alloys (ref. 8). The fourth is the development of monolithic

solar cell panel (ref. 9). The fifth is the development by Sovonlcs Solar

Systems of a roll-to-roll continuous deposition process for multljunctlon cells

onto a moving web (ref. I0). The sixth finding is that a-Si cells are about 3

times as resistant to I-MeV electrons and more than 50 times to I-MeV protons

than crystalline silicon and GaAs and that the damage can be easily annealed

out (refs. II, 12, 13).

REVIEW OF THE FABRICATION AND THE FEATURES

OF THE ULTRALIGHT MODULE

A summary of the description of the fabrication and of the features of the

ultralight module published recently (ref. I) follows. In order to take

advantage of the high specific power inherent in the a-Si alloy solar cells, PV

cell structures have been formed on thin foil substrates having thicknesses

from 7.5 to _25 m. The substrates included thin metals, metals clad with

polyimide and polyimide films. A convenient thin metal substrate is

electroformed nickel (ref. 14) or stainless steel, thinned by etching. The

preferred substrate used in the present work for stowable, ultralight arrays is

polylmide. Previous use of polyimide substrates has been limited to single

cells and only of modest size (ref. 15). Normally, textured metal layers were

coated on the substrates to enhance reflectively and promote light trapping

(ref. 16). The material for the fabrication of the modules was produced by the

Sovonics process (ref. I0) for continuous roll-to-roll deposition of thin-film,

tandem-junctlon, PV cells onto webs 35 cm wide over 300 m long. A continuous

layer of indlum-tln oxide (ITO), about 60 nm thick, serving as the top

transparent electrode was deposited by another roll-to-roll process.

A monolithic PV module structure has been designed which employs series and

parallel cell interconnectlons (refs. I, 17, 18) shown in figure I. In this

design the effect of an electrical shorting defect on the performance of the

module is essentially limited to the defective cell. An analysis of such

defects in the serles-parallel module design is given elsewhere (ref. 19).

The processes for the fabrication of the module consisted of patterning of

the continuous, deposited layers into arrays of cells by masking and etching or

by scribing, screen-prlntlng of current-collectlng grids of silver paste, which

also act as cell Interconnectlons, application of electrical terminals, and

encapsulation in polymeric sheets by lamination, as described in greater detail

elsewhere (ref. 14).

To date, only single-gap a-Si:F:H alloys and single- or tandem- junction PV

cell structures have been used for the _evelopment of the ultralight modules.
Monolithic modules up to 61 x 30.5 cm- in area have been made on substrates

7.5 um thick, with or without top encapsulation, including a 37.5 m thick

polyester or Tedlar. The module consists of 20 parallel strings of cells_ with
12 cells in series per string, each cell having an area of 6 cm . PV

performance data for the best module are given in table I. A comparison with

specific power data reported by NASA for developmental "blankets" (ref. 22) and
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NASA milestones for 1995 (ref. 23) with stowability data are shownin figures 2
and 3, respectively.

A photograph of an ultralight module in a roll, clearly demonstrating the
features of flexibility, high specific weight, portability and stowabillty is
shown in fig. 4. Another feature is the tolerance to physical damage, such as
piercing by projectiles (ref. I).

Because of the small thickness, suchmodules can be rolled up and unrolled
repeatedly, without damage, to diameters as small as 3 cm (ref. 26). The
results of such a test in which a module 31 cmx 31 cm in area and 50_ m in
total thickness are shownin fig. 5.

CHARACTERISTICSANDPV PERFORMANCEOFPV CELLSANDMODULES

Although excellent progress has beenmadetoward achieving high performance
for the ultralight, monolithic modules, higher power output per area is needed
to compete with existing PV arrays used in space. An intensive program has
been underway at Sovonics toward developing advanced a-Si alloy materials and
PV multijunction cell structures having high efficiency and stability. The
status of this effort has been reported previously (refs. 2, 3, 5, 7, 20, 21)
and the highlights are given in table II.

As indicated, the data in tables I and II are for AM1illumination.
Samples of l-cmz, dual-gap, triple cell, having AM1active area efficiency of
12.5% have been measuredat JPL by B. Anspaughat AMOand shownto have a 10.0%
efficiency (9.1% for total area) as shownin fig. 6.

SURVIVABILITYOF a-Si ALLOY SOLAR CELLS

A prerequisite for space PV arrays is a continuous operation over extended

periods of time, ranging from days to tens of years, in the harsh environment

of photon, electron and proton irradiation, bombardment by atomic oxygen,

extremes of temperature excursions and physical damage due to surrounding

equipment or meteorites. For high power arrays, high voltage arrays must be

developed. Some of these issues have been addressed here and elsewhere, with
remarkable success as described below.

Optical Stability of Multijunction PV Cells

Outstanding progress has been reported in achieving optical stability in

Sovonics multijunction, dual-gap PV cells (refs. 5, 21) with respect to the

Staebler-Wronski effect. Results for a trlple-stacked, dual-gap cell with

initial efficiency of 11.2% retained over 90% of its initial performance after
2500 hours of continuous illumination.

Stability of a-Si Alloy Cells in lonlzing Radiation

..Studies of the effect of I-MeV electrons on a-Si:H cells up to a fluence of

I0 Ao electrons cm -3 have indicated approximately a threefold tolerance,

compared with crystalline silicon cells (refs. II, 12). Moreover, the damage

was found to be fully annealable under conditions used to anneal the S-W

effect.

Irradiation studies with I-MeV protons (ref. 13) have been reported with
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fluences ranging from 1011 to 1.6 x 1015 cm-2 on single cells of
a-Si:F:H, a-Si:Ge:F:H, and single-gap, tandem-junction cells of a-Si:F:H*.
More than a 50-fold greater tolerance to this radiation has been found in
comparison with crystalline silicon and GaAs (ref. 24). Moreover, a total
recovery of conversion efflcien_ has been attained after a one-hour anneal at
160°C, for fluences up to I0_I and 75% recovery for fluences up to I0 ID.
After 3-hour and 23 hour a_eals, 90% and 27% recoveries, respectively, are
reported for fluence of I0-- protons cm- . These results are shown again

for the slngle-gap, a-SI:F:H tandem cells in fig. 7.

Additional radiation experiments with 200-keV protons have been reported

(ref. 26) on the same set of samples after the annealing treatment. The effect

of 200-keV proton irradiation on the performance of the three types of cell

studied is shown in fig. 8, which also includes data for I-MeV protons from

reference 13. A comparison of the I-MeV and 200-keV irradiation data for the

dual-gap tandem cells alone is shown in fig. 9. A comparison with fig. 8 shows

that the results are very similar to the slngle-gap a-Si:F:H tandem cells. As

expected from other work (ref. 25), the lower-energy protons give rise to a

somewhat increased rate of damage than for I-MeV protons. The relative

radiation tolerance to 200-keV protons is still much greater than for

crystalline silicon or GaAs solar cells (refs. 24, 25). Figure I0 gives a

comparison for irradiation of crystalline Si, GaAs, CulnSe 2 and a-Si alloy
cells with I-MeV protons and shows superior radiation resistance of the a-Sl

alloy, dual-gap, tandem cells.

The results of the annealing experiments on the tandem cells for the 200-

keV proton irradiation are shown in fig. II. Results are shown for various

temperatures and times as a function of fluence. As with the I-MeV proton

irradiation shown in fig. 7, the damage is fully annealable at a modest

temperature of 160°Ci0_ t_2 a fluence of I0 I_ cm -2 and up to 79% of
initial efficiency at cm .

We have considered some of the mechanisms which lead to the decrease of the

efficiency resulting from proton bombardment. Figures 8 and 9 show that

200-keV protons of a given fluence have about the same effect on the relative

efficiency as 1-MeV protons with ten times the fluence. Thus the relative

efficiency curves of the I-MeV proton irradiations, when shifted to the left by

one order of magnitude in fluence, compare favorably with the 200-keV data

except for the highest fluences. Table III shows the results of our

calculations to determine the nuclear recoil cross sections for the

displacement of the various atoms in the cells. Displacement energies of 3.5

eV for hydrogen and 13 eV for Si and Ge were used in the calculations and only

primary collisions are considered. The displacement cross sections are about

five times larger at 200-keV as compared with I-MeV. There are deficiencies in

the analysis due to the uncertainty in the displacement energles, the

electronic stopping of the protons and the displacement of atoms by the

recoiling atoms. We believe that the agreement is adequate.to suggest that

the reduction in the relative efficiency is due to defects created by nuclear

collisions. Our measurements show that the V is insensitive to the protonoc
fluence suggesting that the defects are produced primarily in the intrinsic

region of the cell. Further confirmation of the suggestion is manifested by

the relative effect of the protons on cells with different thlcknesses; the

*In Reference 13, the proton radiation results for the tandem-junctlon cells

have been reported by error as for tandem-junctlon, dual-gap cells.
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measurements show that protons of the same energy and fluence degrade the

efficiency of thicker cells to a greater extent.

The cells have been isochronally annealed for three hours at temperatures

in the range of 60 to 160°C in an effort to determine if the knock-on of

hydrogen or Si and Ge results in the defects. In a simple model where the

protons are assumed to knock-on the hydrogen and create dangling bonds, the

bonds should be passivated by the diffusion of hydrogen upon annealing. If

this were the case, the annealing data should behave in a simple Arrhenius

fashion. Our annealing data cannot be characterized by an Arrhenius plot over

the range of fluences we studled; an approximate fit to an Arrhenlus plot can

be obtained at low fluences with an activation energy of the order of 0.I eV.

At higher fluences the cells are very resistant to isochronal annealing except
at 160°C. We therefore conclude that the primary mechanism for the reduction

of the relative efficiencies is not the creation of dangling bonds by the

displacement of hydrogen. The complexity of the annealing data suggests that

the defe_ts are created by the displacement of Si and Ge and that a number of

different types of defect configurations are produced by the recoiling atoms.

The resistance to annealing at the higher fluences may be due to the

overlapping of the damage zones; ion implantation studies show that damage

produced at fluences where the damage zones overlap is more resistant to

annealing than damage produced at fluences sufficiently low to insure that the

damage zones do not overlap. If our suggestion is correct we expect that

tandem cells made from several thin PIN tandems should be more radiation

resistant than either tandems or single PINs made with thick intrinsic layers.

An analysis of Figures 7, 8 and 9 confirms this suggestion.

High Voltage Arrays

In the monolithic structure of the ultralight modules shown in fig. 1 the

cells as well as the cell Interconnectlons are encapsulated in a continuous,

transparent flexible cover, so that no bare electrical leads are exposed to the

external environment. This structure is very amenable to design and

fabrication of a hlgh-voltage array.

CONCEPTUAL DESIGN OF LARGE SPACE ARRAYS

Because of high radiation resistance of Sovonics solar panels with respect
to I-MeV electron and I-MeV and 200-keV proton irradiation and high optical

___L_I_.. of_L=,_y, it appears that protection the a-S! alloy PV arrays by cover

glass is not required. Instead, the use of rollup, deployable and retractable

arrays is recommended, so that if necessary, the arrays can be annealed

periodically in their canisters under modest conditions of time and

temperature. An example of such a concept is shown in fig. 12. A system of

this type would be useful for electrical propulsion of vehicles which would be

used to traverse high radiation zones, such as future Earth-Moon shuttles.

Another concept design, shown in figure sequence 13 a, b, c, and d, is for

a 1 megawatt array, either for defense purposes or for interplanetary

electrical propulsion.
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CONCLUSIONS

Ultralight and ultrathin, flexible, rollup monolithic PVmodules have been
developed consisting of multijunction, amorphous silicon alloys for either
terrestrial or aerospace applications. The rate of progress at Sovonics of
increasing conversion efficiency of stable multijunction and multigap PV cells
indicates that arrays of these ultralight modules can be available for NASA's
high power systems for the 1990"s. Already NASA'sgoals for specific power for
1990"s have been nearly doubled. Becauseof the extremely light module weight
and highly automated process of manufacture, the monolithic a-Si alloy arrays
are expected to be strongly competitive with other systems, either
photovoltaic, solar dynamic or nuclear for use in NASA's Space Station or other
large aerospace uses in the years to come. For similar reasons extensive use
of the monolithic ultralight arrays is expected for terrestrial applications as
mobile high-power supplies.
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Table I
PVData of a-Si Alloy Ultrallght?Module at AM1

(Area = 61 x 30.5 cm')

Voc..................... 16.4 V

Isc ...................... 1.05 A

Fill Factor .............. 0.56

Power .................... 9.69 W

Power/weight ..... 2.4 k_/kg

Power/Volume ............. 6.5 MWm 3

Table II

Highlights of the Status of Sovonlcs PV Cells

AM1 Conversion Cell Type Siz@

Efficiency (%) (cm _)

Reference

13.0 dual-gap, triple 1 5

12.0 single-gap, triple 1 2

II.I dual-gap, triple 930 20

12.5 dual-gap, tandem 1 5

10.4 dual-gap, tandem 930 20

II.8 slngle-gap, tandem I 2

9.0 slngle-gap, tandem * 21

•35-cm wide, continuous web, in production

Table III

Results of Cross Section Calculations

System

H ÷ H

H÷ Si

H_ Ge

H÷ H

H+ Si

H _ Ge

Energy E d

200 keV 3.5 eV

200 keV 13 eV

200 keY 13 eV

1.00 MeV 3.5 eV

1.00 MeV 13 eV

1.00 Mev 13 eV

(AQ)

2
9.3E-20 cm

2
1.8E-19 cm

2
3.5E-19 cm

2
I.9E-20 cm

2
3.4E-20 cm

2
6.9E-20 cm
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Figure I. Monolithic module structure consisting of four parallel strings of

four series-connected cells in each string.

Figure 2. Specific power data for various types of PV modules or "blankets".

Figure 3. Stowability data for PV modules and blankets.

Figure 4. Ultrallght, monolithic PV module on a roll (module only on the top

three wraps); a full roll would have a power output of about 35 kW,

compared with I0 kW for the diesel generator in the background.

Figure 5. Test of the effect of repetitive rolling and unrolling of an

ultralight module around a cylindrical mandril on its PV

per f ormance.

Figure 6. Current-voltage and cell performance data for dual-gap, triple

stacked cell under AMO illumination (for active cell area).

Figure 7. The effect of I-MeV proton irradiation on the conversion efficiency

of tandem, slngle-gap, a-Si:F:H cells and the effect of subsequent

annealing at 160°C (ref. 13).

Figure 8. The effect of 200-keY and I-MeV proton irradiation on the conversion

efficiency of single a-Si:F:H and a-Si:Ge:F:H and tandem single-gap
a-Si:F:H cells.

Figure 9. The effect of 200-keV and l-MeV proton irradiation on the conversion

efficiency of dual-gap, tandem cells of of a-Si:F:H and a-Si:Ge:F:H

alloys.

Figure I0. Comparison of the effect of l-MeV proton irradiation on the

efficiency of crystalline Si, GaAs, CulnSe 2 and amorphous dual-gap
tandem cells.

Figure II. The effect of 200-keY proton irradiation on the conversion

efficiency of tandem, single-gap, a-Si:F:H cells and the effect of

subsequent annealing at various temperatures and times.

Figure 12. Ultralight PV system concept for the Space Station. A pair of

counter-rotating a-Si alloy arrays deployed by means of centrifugal
force.

Figure 13. A design concept for a I-MW, ultralight PV array.

Volume: 1 cubic meter; area: I00 x I00 meters; thickness: 75_m;
Voltage: I0,000 Volt; current: I00 A; deployment: 30s.

a. Array in stowed condition

b. Deployment of folded array in x direction

c. Deployment in y direction

d. Fully deployed array
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THE AIR FORCE CONCENTRAIING PHOTOVOLTAIC ARRAY PROGRAM

Jack W. Geis

AF Wright Aeronautical Laboratories
Wright Patterson AFB, Ohio

The history of the Air Force solar concentrator project goes back to FY77 when
an initial concentrator study program was conducted with Rockwell International
Space Systems. The conclusions drawn from the study were that solar concentrator
arrays have the potential to survive severe nuclear, particulate, and laser
radiation environments which no planar solar array of comparable weight could
tolerate. Concentrator arrays also offer the advantage over planar arrays of higher
power per unit area than conventional planar array designs because the higher
photovoltaic efficiency of the concentrator cells more than offsets the optical loss
of the concentrator system.

Cell costs can be reduced significantly compared to costs for planar cells
because a concentrator designed at a given Concentration Ratio (CR) will require
approximately I/CR the area of solar cells to produce the same electrical power
output. Because concentrator cells operate at higher efficiency and degrade less in
hazardous nuclear environments (concentrator shielding protects cells), the required
End-Of-Life (EOL) array size can be 30-60% smaller than that required by planar
solar cell arrays.

Satellite vehicles requiring high efficiency, low life cycle cost and maximum
W/m2 capability, and which must operate in high intensity natural radiation belts,
could profitably use concentrator array systems. The high performance, high
radiation resistance, but high cost gallium arsenide solar cell will find a natural
application in the concentrating photovoltaic array where the cost of the solar
cells themselves becomes secondary to other system costs.

A_UAI I$_I ours, , , ......_,n_L/,,L funded TRW systems on the _+o11_te Materials _lard_ning Programs
(SMATH). Although the major effort under SMATH IV in the power hardening area was
to explore and develop techniques for hardening planar solar cell array power systems
to the combined nuclear and laser radiation threat environments, a portion of the
program dollars was devoted to developing a preliminary design for a hardened solar
concentrator. The TRW design that was selected was a Cassagrainian configuration
that utilized a narrow light acceptance angle to advantage for front side laser
protection, and a deployable metal foil shutter for backside protection. The
AFWAL/APL (Aero Propulsion Laboratory), as a result of the SNATH program, initiated
several efforts to design, fabricate, and test concentrating photovoltaic devices
which are survivable to hazardous nuclear and radiation environments. The first
contract was awarded to TRW Systems, Inc., "Multi-Threat Hardened Concentrating
Development" (F33615-81C-2055). The Laboratory has also sponsored concentrator
feasibility and development work with General Dynamics Corporation on contract
F33615-83C-2319, "SLATS Concentrator Development Program," and on contract
F33615-84C-2420, "SLATS PHASE II."
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_lore recently efforts have been directed toward transitioning the exploratory
development efforts to advanced development through the initiation of the
"Survivable Concentrating Photovoltaic Array" (SCOPA)program. This program, which
is expected to begin in FY87, will result in the design, fabrication, test, flight
qualification, and subsequent flying of a 500 watt concentrator panel in a
low-altitude orbit. Ibis paper discusses the general program objectives and overall
performance goals of the program.

THESURVIVABLECONCENTRATINGPHOTOVOLTAICARRAY(SCOPA)PROGRAM

Concentrator development has progressed substantially under the above mentioned
contracts with TRWsystems and the general Dynamics Corporation. Estimated
performance capabilities for low to moderately hardened configurations are shownin
Table I (General Dynamics Corporation briefing to AFWAL/POOCApril, 1984).
Subsequent designs to meet increasingly higher laser irradiation threats will reduce
concentrator specific power and weight values due to higher mass density optical and
thermal radiator components, and higher temperatures for the concentrator cells. It
should also be noted here that post-laser irradiation performance levels of planar
arrays under low to moderate laser irradiation levels may decrease drastically, or
the array may fail catastrophically, compared to concentrators. The objectives of
the two Air Force sponsored programs were to develop designs that are survivable to
high level laser weapon, nuclear weapon, and background particulate irradiations,
while maintaining reasonable electrical performance.

Air Force plans for FY87 and beyond are to initiate a five-year, multi-million
dollar program to transition hardened concentrator elemental and modular technology
from exploratory development to advanced development, and subsequent flight test of
a hardened 500W concentrator panel. The program is divided into four phases: Phase
I - Critical Hardened Component Development and Preliminary Panel Design; Phase IIA
- Design, Fabrication, and Flight Qualification of Hardened Concentrator Panel;
Phase liB - Hardened Flight Panel Acceptance Testing and Spacecraft Integration; and
Phase IIC - Flight Support of Hardened Concentrator Panel.

PHASE I - CRITICAL HARDENED COMPONENT DEVELOPMENT
AND PRELIMINARY PANEL DESIGN

The intent is to award dual contracts for this 1 1/2 - 2 year effort. SCOPA
performance and survivability objectives have been discussed through numerous
meetings with various Satellite Program Offices (SPO's). As a result of these
meetings, there has arisen a general understanding of the need for near-term
development of space power systems that will be survivable to natural threats that
may exist in space in the 1990's and beyond. SCOPA can meet these threats, and has
been defined as d enablin 9 space power technology.

Stringent and demanding threat requirements support the development of two
competing concepts for Phase I to maximize the probability of program success.
Concepts proposed for SCOPA by the various bidders on this multi-source procurement
vary greatly in design, and each has its own strengths and weaknesses.
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lhe major objectives of Phase I will be to establish confidence in concentrator
designs and fabrication/manufacturing processes necessary to meet the program
performance and survivability requirements and goals. Concentrator elements and
modules will be subjected to vacuumchamber irradiation exposures from continuous
wave and pulsed wave laser sources that simulate irradiation intensities and
exposure times of ground-based and space-based lasers. Modules will also be
subjected to thermal cycling, proton, electron, and space plasma environments such
as might be encountered in Mid-Earth-Orbit (MEO)and Low-Earth-Orbit (LEO). A 500 W
panel preliminary design will be accomplished near the end of Phase I. At the end
of Phase I the best concentrator concept will be carried into Phase II A.

PHASEIIA - DESIGN,FABRICATION,AND
FLIGHTQUALIFICATION

OFHARDENEDCONCENTRATORPANEL

Under Phase IIA the contractor will fabricate at least one hardened 500 W
panel, based on the test results and preliminary design work of Phase I. The panel
will represent structurally and thermally the characteristics of a multi-kilowatt
concentrator array. The contractor will conduct ground-based qualification of the
500 Wpanel. Qualification test guidelines will be based on a possible future space
shuttle launch with subsequent deployment in a LEOorbit for a one-year (nominal)
operation. Tests will include but not be limited to thermal, vibration, deployment
and dynamic/static loading, and electrical performance verification tests.

PHASEliB - HARDENEDFLIGHTPANELACCEPTANCETESTING
AND

SPACECRAFTINTEGRATION

Under Phase liB, the contractor will refurbish the hardened concentrator panel
developed and tested under Phase IIA, or build another unit and perform flight
acceptance tests in accordance with acceptance test guidelines.

PHASEIIC - FLIGHTSUPPORTOFHARDENEDCONCENTRATOR

PANEL

The final phase of the program will be involved with providing the necessary
supporting personnel for experiment data collection, reduction, and analysis
resulting from a low-altitude "proof-of-concept" flight experiment. The experiment
will be designed to determine the operational envelope of hardened concentrating
photovoltaic arrays operating in space. Table II lists the Survivable Concentratin9
Photovoltaic Array Performance Verification Flight Experiment (AFWAL - 501)
characteristics, (AFWAL/POOC briefing to Space Test Program Tri-Service panel, June,
1986).
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HARDENED CONCENTRATOR DESIGN

REQUIREMENTS AND GOALS

The achievement of the concentrator design requirements and goals will permit
the development of high performance, survivable, multi-kilowatt concentrator arrays
for operation in hazardous natural and artificiel space environments. In addition,
the achievement of these requirements and goals will demonstrate significant
survivability and performance improvements compared to conventionally hardened planar
se!ar arrays, and will satisfy the requirements of several Air Force satellite
systems.

In addition to continuous and pulsed wave laser, nuclear, and pellet threat
hardening requirements and goals, the concentrator must be survivable to natural
background radiation and space plasma environments as shown in Table III (AFWAL/POOC
SCOPA Requirements and Goals, 1986).

SCOPA requires that a concentrator system be capable of surviving, with no more
than 20% electrical power degradation, one exposure from each of the background
radiations described in Table III. The tests represent five-year fluences in a 5600
NMI orbit at 60% inclination. The test exposures are not to be cumulative.

The hardened arrays are to be designed for Beginning-Of-Life (BOL) performance
goals of 15W/kg (including pointing and tracking mechanism), and 120W/m 2. Although
the performance design goals are very conservative, the laser and nuclear
requirements and goals are not! The severe threat conditions imposed on the desiQn
result in a relatively heavy system, but the hardened design requirements and goals,
if achieved, will permit the future development of multi-kilowatt concentrating
photovoltaic arrays that will be survivable to artificial threat environments

projected for the 1990's and beyond, and to natural threat environments that may be
encountered in MEO missions and which cannot be accomplished with planar solar cell
arrays. Projections of perfoFmance imprcvements possible with concentrator systems,
when compared to planar array systems, are shown in Figure I and Figure 2
(Reference I).

CONCLUDING REMARKS

The SCOPA program is very ambitious, especially from a survivability
standpoint. However, a successful program will enable the Air Force to provide a
survivable space power system that will have the capability of performing a variety
of missions in hazardous environments, including those missions previously thought
incapable of being accomplished by photovoltaic arrays (e.g., 5600 NMI missions). In
addition, the concentrator will be capable of being designed as a lightweight system
(50-100W/kg) through the use of thinner, low mass density materials and
configurations, and may find applications in such missions as high power,
lightweight electric propulsion orbital transfer where weight is a critical factor.

RFFERENCES

I. Spacecraft Subsystem Survivability, R. M. Kurland, J. S. Archer,
W. R. Hardgrove, TRW Systems, Inc., 30 March 1986.
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TABLEI - EFFECTOF IMPROVED
EFFICIENCYONOVERALLCONCENTRATORPERFORMANCE

Parameter Planar * Casse_rainian SLATS SLATSW/DUAL-BANDGAP

.98% .80% .92% .92%

.10%@65°C .20%@85°C .18%@85°C .25%@85°C

.86 .85 .95 .9

.76 .92 .92 .86

Optical Efficiency

Cell Efficiency

Packing Factor

Radiation Deg (5 yr,
600 NMi, 60° )

Net Array EOLEffic.

Specific Power

Specific Weight

6.4% 12.5% 14.5% 17.8%

87 W/m2 169 W/m2 196 W/m2 240 W/m2

18.8 W/kg 24.8 W/kg 48.8 W/kg 59.9 W/kg

* INSAI ARRAY

Note: Data presented are for 1984 concentrator designs, based on survivability
background radiation environment, and moderate laser irradiation threat environment
only.

TABLEII - SURVIVABLECONCENTRATING
PHOTOVOLTAICARRAYPERFORMANCEVERIFICATION

FLIGHTEXPERIMENT(AFWAL-501)
CHARACTERISTICS

0

0

0

0

0

0

0

Experiment only, free flyer out-of-space shuttle bay, or on another
spacecraft, up to 12 month in LEO

3-axis spacecraft stabi!iation to within ±! °

-20°C to +125°C, nominal thermal environment

500 W panel, 35 kg nominal, 454 X 92 cm

Panel pointing and tracking (± 1½°)

Temperature, current/voltage measurements

Sun sensor

o Mirror/cell degradation sensor
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TABLEIII
GEOMAGNETICALLYTRAPPEDPROTONSANDELECTRONS

(OMNIDIRECTIONALFLUENCES),AND
SPACECHARGE/SPACEPLASMAEFFECTSCONDITIONS

0

0

0

0

1Mev, 1X 1015 protons/cm 2

5 Mev, 8.6 X 1012 protons/cm 2

I0 Mev, 5 X I0 II protons/cm 2

These tests represent 5-year fluences in a 5600 NMi
orbit at 60 ° inclination

(a) PROTON TEST CONDITIONS

0

0

0

0

1Mev, 7.5 X 1013 electrons/cm 2

3 Mev, 7.5 X 1012 electrons/cm 2

5 Mev, 7.4 X 1011 electrons/cm 2

These tests represent 5-year fluences in a 5600 NMi
orbit at 60 ° inclination

(b) ELECTRON TEST CONDITIONS

103 - 106 electrons, and nitrogen (or argon) ions per cm 3

0.1 - 1.0 volt, individual particle energies

Test to be performed in 10-7 torn, with test article

biased + 500V relative to tank

(c) SPACE CHARGE/SPACE PLASMA EFFECTS TEST CONDITIONS
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DEVELOPMENT OF A FRESNEL LENS CONCENTRATOR FOR SPACE APPLICATION*

Mark J. O'Neill

ENTECH, Inc.

Dallas-Fort Worth Airport, Texas

Michael F. Piszczor

NASA Lewis Research Center

Cleveland, Ohio

EXTENDED ABSTRACT

Since 1977, ENTECH (including its predecessor organization, E-Systems Energy

Technology Center) has been actively developing, refining, and commercializing Fresnel

lens photovoltaic concentrator systems for terrestrial applications. These systems

are all based on a unique, transmittance-optimized, error-tolerant, Fresnel lens

optical concentrator, which has been patented in fifteen countries (e.g., U.S. Patent

No. 4,069,812). Much of this terrestrial development effort has been carried out as

part of the Department of Energy's National Photovoltaic Program, under the

Photovoltaic Concentrator Project administered by Sandia National Laboratories in

Albuquerque. A typical ENTECH line-focus silicon cell concentrator array is shown in

Figure 1. The first major installation of this type of equipment is represented by

the 25 KWE system at DFW Airport's Central Utility Plant. This system has operated

efficiently and reliably since 1982. Using low-cost, 15% efficient, linear Fresnel

lens/polycrystalline silicon concentrator modules, ENTECH is currently offering

utility-scale terrestrial systems at prices approaching $3 per peak DC watt, about

one-third the price of terrestrial flat-plate photovoltaic systems.

In early 1986, ENTECH was selected under NASA's Small Business Innovative

Research (SBIR) program, to perform a conceptual design study of a Fresnel lens

photovoltaic concentrator system for space application, based on the successful

terrestrial technology background described above. After evaluating both line-focus

and point-focus approaches, ENTECH and NASA jointly selected a mini-dome lens

point-focus concentrator with gallium arsenide cells (Figure 2) as near-optimal for

space applications. The selected approach uses a square-aperture dome Fresnel lens

(smooth exterior surface/prismatic interior surface) to focus incident sunlight onto a

small gallium arsenide cell, which is mounted to a thin aluminum backplane radiator

for cooling. The shape of the lens (defined in U.S. Patent No. 4,069,812) is

non-spherical, such that solar rays make equal angles of incidence and emergence with

each prism in the lens. This refractive symmetry minimizes reflection losses, sun

image size, and the effects of aberrations and manufacturing inaccuracies. For

example, the effect of slope errors (shape errors) is 200 times less for the dome lens

than for any reflective concentrator. Using a simple aluminum "egg-crate" honeycomb

structure, a matrix of individual concentrator modules can be combined into a larger

panel (Figure 3). To allow panel stacking during transport, the honeycomb structure

is slightly taller than the lens (Figure 4). Cells may be connected in any desired

series/parallel arrangement to provide the proper current/voltage output.

NASA Lewis Research Center Contract No. NAS3-24871.
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Panels can be combined to provide larger area assemblies (Figure 5). Finally,
manypanels can be integrated with a lightweight, automatically deployable structure,
such as the Astro Aerospace Extendible Support Structure (ESS), to provide
multi-kilowatt arrays (Figure 6). The dome lens concentrator (DLC) panel is
remarkably light (Figure 7), weighing only 2.5 kg/sq.m, for the current design. With
further optimization, this weight could easily be reduced. The ESSsupport structure
is also light, weighing less than 0.7 kg/sq.m, of DLCpanel aperture. Thus the total
array weight for the current design is only 3.2 kg/sq.m., which is equivalent to the
Space Station lightweight Kapton-blanket, planar-silicon array weight. Furthermore,
the DLChoneycombpanel is extremely stiff structurally. Under 16g launch loads,
maximumstresses correspond to a factor of safety of four. Under Ig terrestrial
testing, maxiumumpanel deflections correspond to panel slope errors of only 0.05
degree.

The key componentof the DLCsystem is the mini-dome lens (Figure 8). While much
work remains to be done in selecting the optimal lens material(s), the current leading
candidate is KeI-F fluoropolymer. KeI-F has excellent optical properties, can be
mass-produced into lenses by compression or injection molding, has a wide operating
temperature range, and has an excellent outdoor lifetime in the terrestrial
environment. However, for space applications, a protective coating (candidates:
microglass, magnesiumfluoride, silicon oxide, sol-gel, etc.) will be required to
minimize degradation due to monatomic oxygen, ultraviolet radiation, particulate
radiation, and other hostile environmental factors. The 3.7 cm square-aperture
mini-dome lens has been sized for use with a 0.4 cm diameter gallium arsenide
concentrator cell, since mucheffort has been expended over the past several years by
NASAand its cell suppliers in developing such a cell for use at i00 sun irradiance.
Without antireflection coatings, the selected lens (Figure 8) will provide 91.5% net
optical efficiency. With a geometric concentration ratio (lens aperture area/cell
active area) of I09X and an optical efficiency of 91.5%, a net irradiance of I00 suns
will intercept the cell. Using a dispersive cone optics computer code, which has been
validated through testing of several versions of terrestrial lenses, the dome lens
design has beenoptimized to provide the desired focal plane irradiance profile. The
individual prisms which comprise the lens have been designed to place the focussed
sunlight onto a target area (0.26 cm diameter) which is smaller than the cell active
area (Figure 9). The non-illuminated annular ring (0.07 cm in extent) around the edge
of the target area has been sized to tolerate the lateral motion of the image in the
event of a 1 degree sun-tracking error. Essentially no energy (less than 0.2%) is
lost due to such a tracking error, by using this "guard band" lens design approach.

The selected cell design (Figure i0) is the samesize and shape as the cell which
has been developed by NASAfor use in the TRWmini-Cassegrainian concentrator (MCC).
However, for the domelens application, the cell will utilize a parallel gridline
geometry rather than a radial "wagon-wheel" gridline geometry. Also, the new cell
will have 20%of its active area covered by gridlines, rather than the 14% coverage
used in the MCCcell. By using a prismatic cell cover (the effectiveness of an
example cover is shownin Figure 11 for a terrestrial line-focus silicon cell), the
obscuration loss due to gridlines will be eliminated by redirecting incident sunlight
onto active cell area between gridlines. The ability of the prismatic cell cover
(patent pending) to eliminate gridline obscuration losses has been fully validated in
tests at ENTECH,Sandia, and elsewhere, for several types of terrestrial cells. The
performance parameters for the new prismatically covered cell (Figure i0) are based on
measuredcell parameters for a 1984-vintage Hughesgallium arsenide cell. The cell
should provide a 24.7% conversion efficiency at 25C cell temperature under a uniform
100 sun irradiance. However, detailed cell modeling under the current program has
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shown that the cell performance will fall to 24.0% under the non-uniform irradiance
produced by the lens (Figure 9). This decrease in performance is due to increased
voltage drops in the emitter sheet, along the gridlines, and in the bulk material, due
to the relatively high irradiance over the small illuminated cell area (Figure 9).

While a i degree maximumtracking error is anticipated by NASA for most space
applications, larger tracking errors can be readily accommodatedby making the cell
active diameter slightly larger (Figure 12), i.e., by decreasing the geometric
concentration ratio from I09X to lower values. For example, with a 26X geometric
concentration ratio (0.82 cm active cell diameter), a 4 degree tracking error can be
tolerated, while maintaining the overall lens/cell module efficiency above 21%at 25C
cell temperature (Figure 12). Thus, with slight modification in cell size, very large
tracking errors can be tolerated if mission requirements so dictate.

The conceptual design and thermal performance of the cell-to-radiator mount have
also been investigated (Figure 13). By using a top-metallized, plasma-sprayed alumina
mount, the cell-to-radiator temperature differential can be maintained at about 4C.
The backplane radiator has also been thermally analyzed (Figure 14) to define the
effect of radiator thickness on cell operational temperature. The thermal analysis
results have been interpreted in terms of cell operational efficiency, by using the
measuredgallium arsenide efficiency/temperature coefficient (-0.035% per degree C),
resulting in the selection of a 200 micron thick radiator as near-optimal (Figure 15).
This thickness corresponds to a cell temperature of IOOC,and a cell efficiency of
21.4%.

In summary, the selected conceptual design of the domelens concentrator uses a
3.7 cm square aperture domelens to focus onto a 0.4 cm active diameter gallium
arsenide cell. The selected configuration will provide 91.5% lens optical efficiency
and 21.4% cell efficiency at i00 suns irradiance and IOOC cell temperature, for an
overall lens/cell module efficiency of 19.6%. The selected configuration will
tolerate 1 degree tracking errors with negligible loss of performance. The selected
panel weight is 2.5 kg/sq.m. The selected ESS support structure weight is 0.7
kg/sq.m. These performance and weight parameters have been compared to
state-of-the-art planar silicon and mini-Cassegrainian gallium arsenide arrays (Figure
16). In addition, improved versions of the three technologies have been included in
the comparisons. For planar silicon, the major anticipated improvement in technology
relates to a more efficient cell (8 cm square with chopped corners). For the
Cassegrainian and domelens concentrators, improved cell technology has recently been
demonstrated by Varian, and improved optical performance is expected (higher
reflectance Cassegrainian components and anti-reflection coatings for the lens).
After including packing factor and wiring/mismatch losses for all three technologies,
the domelens concentrator clearly offers higher performance (w/sq.m.) and higher
specific power (w/kg) than the planar silicon or Cassegrainian approaches, for both
current and improved technology versions of the three approaches. With further
development (i.e., multi-junction cells), the domelens concentrator approach should
provide 300 w/sq.m, in performance, and i00 w/kg in specific power. In final summary,
the domelens concentrator system represents an exciting new space power option.
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FIGURE 1 - T Y P I C A L  ENTECH TERRESTRIAL PHOTOVOLTAIC CONCENTRATOR ARRAY 



DOME LENS PV MODULE 
CONCEPTUAL DESIGN 

FIGURE 2 
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ENTECH DOME LENS PV CONCENTRATOR 
PANEL CONCEPTUAL DESIGN 

(1/4 PANEL) 

REFRACTIVE DOME LENS 

LENSICELL MODULE 

I 

NOTE 196 LENSICELL MODULES 

FIGURE 3 
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F I GURE 4 

CROSS - SECTIONAL VIEWS OF 
DOME LENS PV PANEL 

SIDE VIEW 

TOP VIEW WITHOUT LENS HONEYCOMB MATRIX 

THREE DOME LENS PV PANELS 

FIGURE 5 
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F l G l  

DOME LENS 
PV ARRAYS ON ESS SYSTEM 

ATTACHED TO SPACE STATION 

?P ' 
STOWED CONFIGURATION 

JRE 6 

SOURCE NASA-CR.176394 

FIGURE 7 

DOME L E N S  CONCENTRATOR (DLC) 
PANEL WEIGHT E S T I M A T E  

P A N E L  Co M P O N F N T  W E I G H T / P A N E L  A R E A  
( K G / S O . M . )  

LENS 0.68 

R A D  I A T O R  0 . 5 4  

C E L L / M O U N T / I N T E R C O N N E C T S  0.05 

ALUMINUM M A T R I X  0.62 

A T T A C H M E N T S  0 . 1 4  

A D H E S I V E S  0 . 3 4  

M I  S C E L L A N E O U S  0 . 1 3  

TOTAL 2.50 



SELECTED LENS DESIGN 

Radial Coordinate 

Compression - Molded 

(254 microns thick) 
with External coating 
lor Alomic Oxygen 

ANNULAR PRISMS I 

FIGURE 8 
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FLUX PROFILE FOR THE SELECTED SQUARE DOME. LENS 
DESIGNED FOR 1 DEGREE TRACKIIJG ERROR GUARD BAND 

HIGHEST B A R  R E P R E S E N T S  3 8 6  SUNS 

NOTE: FLUX VALUES ARE CIRCL'MFERENTIAL - 
AVEFACE VALUES, S I N C E  FLUX 
P R O F I L E  FROM SQllARE LENS IS  
NOT PERFECTLY AXI-SY?METRIC. 

400 

300 

200 SUNS 

100 

- 0  

FIGURE 9 
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S E L E C T E D  lOOX G A L L I U M  ARSENIDE C E L L  
FOR USE WI TH ENTECH DOME L E N S  CONCENTRATOR 
AND WI T H  ENTECH PR I SMATlC  C E L L  COVER 

CFI I GFOMETRY 

T O T A L  AREA:  S O U A R E .  0 . 5  CM P E R  S I D E .  0.2500 SO.CM. A R E A  
A c r i v f  A R E A :  C I R C L E .  0.4 C M  D I A M E T E R .  0 . 1 2 5 7  S O . C M .  A R E A  

M E r A l I  I 7 A T I O N  P A T l E R N  (SHOWN I N  W H I T E )  

NO. OF G R I D L I N E S :  3 1  
G R I D L I N E  C E N T E R L I N E  S P A C I N G :  1 2 7  M I C R O N S  
G R I D L I N E  W I D T H :  2 5  M I C R O N S  
G R I D L I N E  H E I G H T :  1 0  M I C R O N S  
B U S B A R  AROUND C E L L  P E R I P H E R Y  

F I E C T R I C A I  C H A R A C T E R I S T I C S  (62 AMO, 100 SUNS. 2 5  C )  

PARAMETFR UNIFORM I L L U M I N A l I O N  I E N S  I I I U M I N A T I O N  

I S C :  0 . 4 1 5  A M P *  0 . 4 1 5  AMP* 
voc : 1 . 1 5 4  V O L T S  1 . 1 5 4  V O L T S  
FF : 0 . 8 7 7  0 . 8 5 2  
E F F I C I E N C Y :  0 . 2 4 7  0 . 2 4 0  

' W I T H  P R I S M  COVER; 0 . 3 3 2  AMP W I T H O U T  COVER. 

F IGURE 10 

F IGURE 1 1  - EFFECTIVENESS OF ENTECH P R I S M A T I C  CELL  COVER t O R  A 
2 5 %  M E T A L L I Z E D  TERRESTRIAL S I L I C O N  CONCENTRATOR C E L L  
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FIGURE 1 2  

FIGURE 1 3  

TRACKING ERROR TOLERANCE WITH VARIOUS 

LENS DESIGN 
CELL SIZES - ALL USING THE SELECTED 

22 

3 7 cm Square Dome Lens 
91  3 % Optical Efficiency 
with Tracking Error - 350 Sun Flux Spike 

21 I I I I 
0 1 2 3 4 

OESIGN TRACKING ERROR 
(degrees) 

CELL MOUNT THERMAL ANALYSIS 

ELEMENT 1 H 1 C K N E S S THERMAL CONDUCTIVITY Uk 
Cell 0 0305 cm 039 wlcm oc 0.078 cm2-oclw 
Solder 0.0025 cm 0.32 wlcm Dc 0.008 cmz Oclw 

0.0127 cm 
0.0102 cm' 

0.35 wlcm oc 
1.73 wlcm oc 

0.036 cm2-oclw 
0.006 cm2-Oclw 

-- 
TOTAL 0.128 cin2-ocIw 

6 = 350 suns * 0.1353 wlCm2 * (0.95 . 0.24) = 33.6 wicm' 
Tcell Tradialor = 6 . Uk = 4 3% 

'h thickness of radialor since heat radiates ltom both sides and average radialor lemperature IS 01 interest 
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FIGURE 14
140 -
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110

100
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RADIATOR THERMAL
ANALYSIS RESULTS

RADIATOR THICKNESS

(microns)

100 200 300 400 500

I I I I I

T cell - T radiator = 4.3°c

Radiator Sink Temp = 2550 k
Radiator Emittance = 0.90

Rad,ator Material = Aluminum

Radiator Area/Cell = 13.69 cmz

Lens Emittance = 0.90

ISOTHERMAL ASYMPTOTE

I I I I

5 10 15 20

RADIATOR THICKNESS

(mils)

FIGURE 1.5

RADIATOR THICKNESS SELECTION

21.5 --

210

OPERATIONALCELL

EFFICIENCY(%)

20 5

200 --

RADIATORTHICKNESS

(mic(ons)

100 2OO 300 400 5O0

I I I I t

\
\

SELECTEDDESIGN

\
200 microns 18mill thick

100 _: Cell Temp

21.4 % Cell Efficiency

0,54 kg/mz

(0.11hilt z)

I I
10 15

RADIATORTHICKNESS

(mils)

I
2O
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PERFORMANCE COMPARISON OF THREE COMPETINQ

TECHNOLOGIES FOR SPACE PHOTOVOLTAIC POWER

ITF_

Cell Oper. Effy.

Optical Effy.

Packing Factor

Mismatch/Wiring

Array Efficiency

Watts/Sq.M.

Panel Kg/Sq.M.

Structure Kg/Sq.M.

Array Kg/Sq.M.

Watts/Kg

LOCKHEED SPACE STATION*

FLAT SILICON ARRAY

TRW MINI-CASSEGRAINIAN**

GaAs CONCENTRATOR ARRAY

ENTECH DOME LENS

GaAs CONCENTRATOR ARRAY

(I Sun, 20 C Cell) (I00 Suns, 85 C Cell) (I00 Suns, i00 C Cell)

Current _ Current Improved Current Improved

13.4% 14.6% 18.9% 21.2% 21.4%*** 24.0%***

100.0% 100.0% 70.0% 80.0% 91.5% 96.0%

96.0% 91.0% 88.0% 88.0% 97.0% 97.0%

93.0% 93.0% 93.0% 93.0% 93.0% 93.0%

II.8% 12.4% 10.8% 13.9% 17.7% 20.8%

160 168 146 188 239 281

N/A N/A 5.7 5.7 2.5 2.5

N/A N/A 0.7 0.7 0.7 0.7

3.0 3.0 6.4 6.4 3.2 3.2

53 56 23 29 75 88

* R.V. Elms, [_SC, "Solar Arrays for Space Station and Platforms," IECEC-86, August 1986.

** R.E. Patterson, TRW, "Design, Performance Investigation, and Delivery of a Miniaturized

Cassegrainian Concentrator Solar Array," Final Report, NASA Contract NAS8-35635, May 1985.

*** Cell performance using ENTECII's prismatic cell cover to eliminate gridline obscuration.

FIGURE 16
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PHOTOVOLIAIC CONVERSION OF LASER POWER TO ELECTRICAL POWER

Gilbert H. Walker

NASA Langley Research Center

Hampton, Virginia

and

3ohn H. Helnbockel

Old Dominion University
Norfolk, Virginia

Photovoltaic laser to electric converters are attractive for use with a

space-based laser power station. This paper presents the results of modeling
studies for a silicon vertical junction converter used with a Nd laser. A

computer code was developed for the model and this code was used to conduct a

parametric study for a Si vertical junction converter consisting of one p-n
junction irradiated with a Nd laser. These calculations predict an efficiency

over 50 percent for an optimized converter.

INTRODUCTION

Space-based laser power stations will require converters at the receiving

spacecraft to convert the laser radiation to electricity. Photovoltaic

converters are promising devices for this use (ref. 1). Special considerations

must be given to the laser wavelength and to the laser power density. Figure 1

shows some laser photon energies compared to selected semiconductor bandgap

energies. The semiconductor, for use as the photovoltaic converter, must be

chosen so that its bandgap energy is slightly less than the energy of the laser

photons to be converted into electricity (ref. 2). Incident power densities may

be as high as 1 x 103 watts cm-2. In a previous paper (ref. 2) vertical junction

converters were suggested as appropriate for use as laser photovoltaic

converters. A promising solar-pumped laser for use on a laser power station is a

Nd laser (ref. 3). From figure 1, silicon is the appropriate semiconductor for
use with a Nd laser. The Si bandgap energy is 1.11 eV, slightly less than the

1.17 eV energy of the photons from the Nd laser. The maximum power density
assumed in this study is 1 x 103 watts cm-2 at 1.06 _m or 3.47 x 1021 photons

cm-2 sec-I. The photons are absorbed at an appreciable deptll into the
semiconductor rather than absorbed near the top surface. This paper describes a

model developed to study vertical junction laser-photovoltaic converters and the

application of this model to the Nd laser-Si single vertical junction

photovoltaic converter.

MODEL

The model (described in detail in Appendix A) for this vertical junction

converter uses the device geometry shown in figure 2 and assumes a generation
rate at a depth B given by
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g(B) : ¢0(I - Re) _ e-_B (i)

where ¢0 is the number of incident photons [cm -2 sec-1], m is the absorption

coefficient [cm-1], and Re is the reflection coefficient. The basic equations

for a n/p device involve the photocurrent from the n and p materials as well as

the photocurrent from the depletion regions. Current is assumed to flow in

sheets parallel to the top surface of the converter; thus, the model contains no

diffusion between sheets. These currents, when summed, produce the total short

circuit current. At this depth (B), we assume that a narrow strip exists which

behaves like a conventional photoconverter. The short circuit current and dark

currents are used in the equivalent circuit diagram of figure 3 together with the

effects of the series resistance (Rs) and shunt resistance (Rsh) to obtain a
current-voltage relationship.

The temperature of the photoconverter is determined by the balance between

the rate of heat production due to the fraction of absorbed laser power which is
degraded to heat and the rate of heat loss by conduction. The model includes a

heat-transfer calculation from the converter to a heat pipe at the back face of

the device. The device temperature may be controlled by varying the heat pipe
temperature and the heat-transfer coefficient.

APPROACH

Using the computer code developed for the model, a study of the Nd laser-Si

vertical junction photovoltaic converter was conducted. (Table I shows the
baseline parameters used in this study.) In this study, these baseline

parameters were varied individually in order to determine the optimum value for
each parameter.

RESULTS

Wavelength

Figure 4 shows the efficiency as a function of wavelength. The efficiency
varies from 8 percent at a wavelength of 0.6 _m to 54 percent at a wavelength of
1.05 _m. At the wavelength of the Nd laser (1.06 um), the converter efficiency
is 53 percent at baseline conditions.

Converter Width

Figure 5 shows the effect of increasing the converter width with the p-n

junction located 10 _m from one edge. The efficiency is highest for the smaller

widths. The efficiency is about 56 percent for a width of 20 _m, and it remains

above 50 percent for widths as great as 55 _m. Based on these data, for a small

sacrifice of efficiency, wider single-crystal converters can be used. Thus, for

a series-connected, multijunction device, a range of currents and voltages can be
achieved. Although smaller width converters can produce slightly higher

efficiencies, for the purpose of this study, the optimum achievable width is
20 _m.
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Junction Position

The efficiency for the baseline converter is a strong function of the width
of the p-region (here called junction position). Figure 6 shows this efficiency
as a function of junction position for the 20 _m wide baseline converter. As the
junction position is changed from 2 _m to 16 _m, the efficiency increases from
approximately 38 percent to 57 percent. As the junction position is moved to
greater values, the width of the p-region increases. The p-region has longer
minority carrier diffusion lengths thus accounting for an increased efficiency
(ref. 4). For our optimum cell, the junction position is chosen to be 16 _m.

Converter Thickness

Figure 7 shows the efficiency as a function of converter thickness for the
baseline converter. Thickness is the distance in the direction of travel of the

laser light within the converter. The efficiency increases from less than 2
percent at a thickness of I x 10-3 cm to greater than 53 percent at a thickness
of 1.5 x 10 -I cm. The photons from the 1.06 _m laser are absorbed relatively

deep in the semiconductor. From this the thickness of our optimum cell is 1.5 x
10-_ cm.

Temperature and Heat-Transfer Coefficient

The interface between the heat pipe and the converter must be an
electrically insulating, thermally conducting surface. I1owever, the major
emphasis of our investigations has been on the structure and performance of the
converter. The baseline heat-transfer coefficient was chosen to be I00 cal sec -I
cm-2 °C-1, corresponding to a layer of insulating material. By varying the
heat-transfer coefficient and the heat-pipe temperature, the converter
temperature can be varied. Figure 8 shows the efficiency as a function of
temperature. The efficiency at our baseline temperature of 293 K is 52 percent.
This efficiency decreases to 28 percent at 500 K with a temperature coefficient
of approximately -0.13 percent/K. Our optimum cell uses a heat-transfer
coefficient of 40 cal sec -I cm-2 °C-I to maintain the operating temperature of
293 K.

Power Density

Lasers in space for power-transmission applications may provide power
densities up to I x 103 watt/cm 2 at the receiver. Figure 9 shows the efficiency
as a function of power density for baseline conditions. The efficiency increases
from about 41 percent at I watt/cm 2 to about 53 percent at I x 103 watts/cm 2.
Not only the current, but also the voltage increases with increasing absorbed
power to produce this increased efficiency. The incident power density for our
optimum cell is chosen as I x 103 watts/cm 2. For a 50 percent efficient
converter a heat transfer rate of 5 x 102 watts/cm 2 would be required.

Series Resistance

At high-power densities, the series resistance is one of the most important
photovoltaic converter parameters. The vertical junction converter minimizes
series resistance by minimizing the current path from the junction to the
contact. Figure I0 shows the efficiency as a function of series resistance. As
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the series resistance increases from 1 x 10-3 ohmto 1 ohm, the efficiency
decreases from 53 percent to less than I0 percent. The series resistance chosen
for our optimumconverter is I x 10-2 ohms, well above the bulk resistance of 9 x
I0-s _.

Carrier Concentration

Figure 11 shows the converter efficiency as a function of acceptor
concentration for four different donor concentrations. The peak efficiency of 59
percent is reached for both a donor and acceptor concentration of I x 1017
carriers cm-3. Therefore, for our optimum converter we have chosen both a donor
and acceptor concentration of I x I017 carriers cm-3.

Surface Recombination Velocity

The effect of surface recombination velocity on the converter efficiency is
shown in Figure 12. Increasing the surface recombination velocity on the
n-contact surface from I cm sec -1 to I x I0 s cm sec -I decreases the efficiency
from 53 percent to 29 percent. Increasing the surface recombination velocity on
the p-contact surface from I cm sec -I to I x 104 cm sec -I decreases the
efficiency from 53 percent to 38 percent. Recombination velocities of 5 x 102 cm
sec -I are required to keep the calculated efficiency above 50 percent. For our
optimum converter we have chosen a recombination velocity of I x 102 cm sec -I
(ref. 4) on both the n and p contact surfaces.

CONCLUSIONS

Table II shows the parameter values for our optimum single p-n junction
converter. The parameter values chosen for our optimum converter are considered
attainable. For example, a converter width of 20 _m was chosen as an attainable
dimension, although narrower converters have a higher theoretical efficiency. In
reality, a practical device would be composed of multiple p-n junctions connected
in series. This has been accomplished previously by mechanically stacking
silicon wafers (each containing a p-n junction) and providing a metal contact
between each unit (ref. 5); however, the silicon wafers were 240 um wide. The
narrower width of fragile silicon p-n junctions in our proposed converter would
probably require a substantially different method of fabrication. It has
recently been demonstrated that an epitaxial single crystal composite of silicon
and metallic CoSi 2 can be fabricated (ref. 6). This opens the possibility of
fabricating a series-connected multiple p-n junction device where all the
elements of the device, even the metal contacts, are single crystal. The shunt
resistance for our optimum converter was realistically chosen as I x 106 ohm
(ref. 4). A converter thickness of 1.5 x I0 -z cm will allow for absorption of
the 1.06 _m Nd laser radiation. The junction position of 16 um provides the
maximum output for this width converter. Carrier concentrations of I x I017
carriers cm-_ attain the highest efficiency. The optimized converter has a
calculated efficiency of 55 percent for the 1.06 _m Nd laser radiation.
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APPENDIX A

MODEL

The model for this vertical junction converter uses the device
geometry shown in figure 2 and assumes a generation rate at a depth
given by

g(B) : @o(I - Re) _e -_B

where _Po is the number of incident photons [cm -2 sec-l]; _ is the
absorption coefficient [cm-l]; and Re is the reflection coefficient.
The basic equations for a n/p device involve the photocurrent from the
n and p materials as well as the photocurrent from the depletion
region. The currents, when summed, produce the total short circuit
current. Following reference 7, we assume that there exists a narrow
strip at a depth B below the surface which behaves like a conventional
photoconverter. At this depth B, we have the hole excess in the
n-region given by

d2 (Pn - Pno )

Dp d-_ (Pn - Pno ) - = -g(B), Xj + Xn < X < BTp - _

which is subject to the boundary conditions

- Dp -_ (Pn - Pno ) = Sp(Pn - Pno)IX = B

and

Pnol =Pn - X = Xj + Xn 0

This produces the current density

d(P n - Pno )

Jp = qDp dx IX = Xj + n : -qg(B)Lpf(Sp, Dp/Lp, (B-Xj-Xn)/L p)
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where f(a,b,c) - a - a coshlc ) - b sinhlc )
b cosh(c) + a sinh (c)

Similarly, the electron excess in the p-region is given by

d2 (np )
- ) - - nP° : -g(B) 0 < X < X - X

Dn _ (np npo Tn , J P

with boundary conditions

- )Ix=0Dn d (np npo) : Sn (np npo

np- npo IX = Xj - Xp = 0 .

This produces the current density

: d - l . : -qg(B)Lnf(Sn, Dn/Ln' (Xj - X )ILn)
Jn -qDn (np npo X = Xj - Xp p

where Xj is the junction depth and Xp,Xn define the space charge
region. The photocurrent from the depletion region is neglected, and we
have the total short circuit current density as a function of

Jsc : Jsc (B) : Jn (B) + Jp(B) •

The total current is obtained by integrating these current densities over
the depth of the photoconverter and

A

Isc = f Jsc(B)dB
0

Following reference 4, the dark current is given by I = Ip* + In* where
we have assumed a photoconverter depth in the Z-direction of I cm to
obtain the dark currents:

B-X -X SL
Ip* = _-_ Pn F( j n _.___) (eqV/kT_l )Ak ' "

p o p p
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and

qDn F(Xj _ Xp, SnLn) . [eqV/kT_l] A
In. - Ln npo Ln Dn

which gives the injection current

lin j = Ip. + In. = I o (eqV/kT-1) ,

where

F(A,B) - B + tanh(A)
1 + B tanh(A) "

Also, from reference 4, we use the recombination current density of

a

rec

_qniW sinh(2_ t)

V(TpT n) q(Vbi-V)/kT

where Vbi is the built in voltage, ni is the intrinsic carrier
density, W is the width of the depletion region, T is temperature, q is
electron charge, Tp and T n are lifetimes, V is voltage, and k is
Boltzmann's constant. The short circuit currents and dark currents are
used in the equivalent circuit diagrams of figure 3, and we obtain the
current voltage relation

qIV+IRs)
Rs - V/Rsh II(I + _-_-_) : Isc - o[e kT -I] - I rec

which includes the effects of the series resistance Rs and shunt
resistance Rsh.
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Table I

Baseline Parameters

Series Resistance

Heat Pipe Temperature
Heat-Transfer Coefficient
Surface Recombination Velocity on n-surface
Surface Recombination Velocity on p-surface
Input Power
Laser Wavelength
Converter Thickness
Converter Width
Converter Length
Junction Position

Acceptor Carrier Concentration
Donor Carrier Concentration
Reflection Coefficient
Shunt Resistance

0
20°C
100 cal sec- cm-
0 cm sec -I
0 cm sec -I
1 x 103 w/cm 2
I. 06_ m
1.3 x 10-1 cm
2.0 x 10 -_ cm
I cm
I x 10-3 cm
1.25 x 1017 cm-3
5.0 x 10 ].9 cm-3
0,05
1 x 106 ohms

oc-1

Table II

Parameters for Optimized Converter

Series Resistance

Heat Pipe Temperature
Heat-Transfer Coefficient
Recombination Velocity on n-Surface
Recombination Velocity on p-Surface
Input Power
Laser Wavelength
Converter Thickness
Converter Width
Converter Length
Width of the p-region
Acceptor Carrier Concentration
Donor Carrier Concentration
Reflection Coefficient
Shunt Resistance

1 x 10-2 ohms
20°C
40 cal sec -_ cm-2 °C-!

100 cm/sec
I00 cm/sec
I x 10 _ watts/cm p
1.06 _m
1.5 x 10 -I cm

20 #m
I cm
16 _m
I x 1017 carriers/cm
I x 1011 carriers/cm 3
0.05
I x 106 ohms
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The Advanced Photovoltaic Solar Array (APSA) program seeks to bring to flight

readiness a solar array that effectively doubles the specific power of the SAFE/SEP

design that was successfully demonstrated during the Shuttle 41-D mission. APSA is

a critical intermediate milestone in the NASA-OAST effort that has, as its goal, to

demonstrate solar array technologies capable of 300 W/kg and 300 W/m 2 at beginning

of life. The APSA program, at its completion, should yield a flight ready, high

performance solar array that can efficiently accommodate the types of solar cells

required to provide either a 300 W/kg or 300 W/m 2 array.

The genesis for such ambitious goals was the demonstration that ultrathin

(50 _m) silicon solar cells with very high (_15 percent) conversion efficiency could

be fabricated (ref. I). During the nearly 10 years that it took to bring the proto-

type cell to a state of flight readiness, parallel activities addressing ultrathin

cell laydown and interconnection, suitable flexible blanket substrates and covers

(ref. 2), plus compatible, efficient array structures (ref. 3) were conducted. The

success of these programs led to the decision to commit to the APSA program.

PROGRAM DEFINITION

APSA was conceived as a multiyear three-phase effort. The initial phase was

to address the development of a realistic design that would incorporate existing

elements of advanced array technology and was capable of accommodating anticipated

advancements. This would be followed by a fabrication phase in which, as a goal,

protoflight hardware would be demonstrated on a scale that would assure user confi-

dence in manufacturing the technology. This would then lead to a ground test phase

in which the protoflight hardware would be subjected to the types of generic tests

required for space-qualified arrays.

Establishing meaningful, challenging goals for the APSA Program was considered

essential for success. Generic targets such as W/kg and W/m 2 would not be sufficient

to assure that the technology would be considered by the users for future mission

applications. Orbit, mission duration and spacecraft function were other factors

that had to be addressed. These, in turn, would influence array stiffness and cir-

cuit architecture at one level and cell and coverglass selection at another.

In order to involve the community in the process of goal definition, a survey

was taken where the respondents were asked to not only provide array design targets

but justify them in terms of perceived missions. The entire space community was

invited to participate, even though the array technology to be developed was for

NASA specific mission objectives. This was done in the hope that the APSA baseline

array technology would have a wide appeal to mission users, thus enhancing its

prospects for flight use.
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APSA DESIGN REQUIREMENTS

Performance requirements were then established by JPL for the APSA design based

partially upon the results of the survey. In addition, an analysis was performed to

establish the array performance that would be anticipated from the component charac-

teristics developed as part of the OAST advanced array technology program. A third

aspect of the requirements was to limit the scope of the two contractors' efforts so

as to remain within the overall available budget and still determine a "highly prob-

able" advanced array design with acceptable detail.

These considerations led to the following design requirements:

8 to 12 kW BOL

130 W/kg BOL

105 W/k_ EOL
II0 W/m z EOL

with EOL defined to be 10 years in the baseline geosynchronous orbit. Although the

restriction to geosynchronous orbit eliminates many other important future missions

from detailed analysis, it did contain two important features. First, the most fre-

quently mentioned use of an advanced high performance array with power level on the

order of i0 kW is for geosynchronous communications satellites. Second, this type

of orbital environment is more closely related to the environment expected for inter-

planetary array use, an obviously important consideration for NASA-OAST developed

technology. Naturally, other orbital environments can be imposed on the developed

designs by interested parties to determine suitable "scaling factors." Other

requirements included the need for shuttle launch environment compatibility and the

the demonstration of technology maturity so as to allow for a subsequent fabrication

of protoflight hardware based on the advanced array technology.

Once the contracted efforts began, some additional requirements were developed

to assure that the merits of the competing designs could be meaningfully compared.

These were as follows:

(I) Deployed wing frequency to be evaluated over the range 0.01Hz to 0.i0 Hz

(cantilevered).

(2) On-orbit wing loads to be evaluated over the range 10-3 to 10-2 g ultimate.

(3) Partial extension, partial and full retraction, and full restowage were

not required.

(4) Array voltage levels shall not exceed 200 volts BOL open circuit at normal

operating temperature.

(5) Array shadowing is not to be assumed.

(6) Trapped radiation and solar flare environments are as specified by JPL.

CANDIDATE DESIGNS AND SELECTION

Figure 1 summarizes the two final designs. Not unexpectedly, there was some

degree of similarity in that both decided to propose a basic array structure featur-

ing a coilable longeron mast deployed from a canister. Each blanket design employed

65 _m silicon solar cells, thin ceria-doped microsheet covers and a Kapton-based

substrate.
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Figure I. APSA Design Candidates
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There were also some interesting differences in that one proposed a single

blanket wing as opposed to the other's dual blanket approach. Although there was

only a one percent difference in total wing area, the selected wing aspect ratios

were quite dissimilar. There was also a wide divergence in opinion on cell size

and configuration, as shown in Figure I. Perhaps the greatest surprise was the fact

that there was not agreement on the method of cell interconnecting; one opting for

welded, the other solder.

The selection process focused on technical maturity (risk) since protoflight

hardware was required in the second phase of the APSA program. Cost constraints

were also a significant factor in the selection process, since it was considered

essential that the protoflight hardware include all the components that constitute

an operating array. This was mandated by the architecture and total funding of the

APSA program which must culminate in ground-based testing of the total array design.

Even though only one design could be chosen, it should be noted that the APSA

design phase has shown that at least two solar array design options exist for meeting

this critical NASA-0AST milestone for advanced solar array technology. Hopefully,

other agencies or flight program offices that require this type of solar array

improvement will give attention and support to the alternate APSA design.

APPROACHES TO ENHANCING APSA PERFORMANCE

The APSA design represents a significant improvement in array specific power

performance, but substantial work remains in order to achieve the ambitious 300 W/kg

and 300 W/m 2 goals set by NASA-OAST. Analysis of the APSA components shows that

solar cell performance improvements offer the greatest leverage for future progress.

It should be noted at this point that the NASA-OAST goal of 300 W/kg was established

for an array capable of delivering 25 kW at beginning of life. Thus, in the sub-

sequent discussion of APSA, all quoted specific power forecasts should be escalated

by approximately 15 percent to account for the advantages (deployment and stowage

mass contributions) associated with scaling this design to the appropriate NASA-OAST

power level goal.

Figure 2 depicts the APSA performance that would be achieved by the substitu-

tion of higher efficiency and lower mass (equivalent to 10 _m of silicon) solar

cells with no other array changes made. Based on previous results in developing

high efficiency 62 _m silicon cells (ref. i) and recent work demonstrating effi-

ciencies approaching 18 percent for 300 _m silicon cells (ref. 4), it would appear

reasonable to forecast that 16 percent 62 _m silicon cells could be mass produced

in the near term. This would raise the APSA specific power to at least 175 W/kg,

translating to approximately two-thirds (200 W/kg) of the NASA-OAST goal.

Thin film solar cells appear to hold the most promise for going beyond the

200 W/kg performance level. To give some perspective to this statement, the current

status of various thin film solar cell candidates is included in Figure 2. It should

be mentioned that these efficiency values represent the best that have been achieved

to date under laboratory conditions. It would not be unrealistic to anticipate that

a single crystal, thin film solar cell could achieve a realistic (manufacturable)

conversion efficiency of 18 percent provided that sufficient resources were devoted

to its development. This would likely satisfy the NASA-OAST goal of 300 W/kg.

148



20 I f I I

18

16
A

>-

z 14

C.)

LL.
LA-

12
.-J
LLJ
O

I0

8

6

APSA
DESIGN*

90 II0

62 MICRON
SILICON

BOL CLEFTGaAs

THIN FILM
(EQUALTO
10 MICRONS
OFSILICON)

CuInSe2

AMORPHOUSSi

"' W/OMASS CONTINGENCY

I , I , I , I I I

130 150 170 190 210 230 250

SPECIFIC POWER(W/KG)

Figure 2. Impact of Advanced (Thin) Cells on APASA Design

Although the OAST goals are expressed in terms of beginning-of-life (BOL), it

is necessary, when actually evaluating a mission, to design the array for maximum

specific power at end-of-life (EOL). From this perspective, many of the thin film

solar cells look potentially attractive for high performance solar arrays. Based on

admittedly limited radiation test data, materials such as amorphous silicon and

CulnSe 2 show considerable promise, especially for missions that would experience

very high (approaching 1 x I016 e/cm 2) radiation environments. For example, a thin

film solar cell that yields 9 percent conversion efficiency after an equivalent

1MeV fluence of I x 1015 e/cm 2 would result in greater than 200 W/kg specific power

at EOL for a solar array operating for I0 years in a geosynchronous orbit.
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In summary, it is not unreasonable to anticipate the development of solar array

designs capable of 300 W/kg at BOL for operational power levels _25 kW e. It is also

quite reasonable to expect that high performance solar arrays capable of providing

at least 200 W/kg at EOL for most orbits now being considered by mission planners

will be realized in the next decade.
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THE EFFECI OF INIERNAL STRESSES ON SOLAR CELL EFFICIENCY

Victor G. Welzer

NASA Lewis Research Center

Cleveland, Ohio

Diffusion induced stresses in silicon are shown to result in large localized

changes in the minority carrier mobility which in turn have a significant effect on

cell output. Evidence is given that both compressive and tensile stresses can be

generated in either the emitter or the base region. Tensile stresses appear to be
much more effective in altering cell performance. While most stress related effects

appear to degrade cell efficiency, this is not always the case. Evidence is pre-

sented showing that arsenic induced stresses can result in emitter characteristics

comparable to those found in the MINP cell without requiring a high degree of sur-
face passlvation.

INIRODUCIlON COMPRESSIVE SIRESSES

Evidence was presented in a recent publication indicating that the high volt-

ages obtained from the MINP solar cell are due not only to its highly optimized

emitter region but to improvements in its base region as well. (ref. l) The

analysis further suggested, albeit on the basis of indirect evidence, that the MINP

cell base enhancement is due to a lower value of minority carrier mobility in that

region as compared to cells of the same material but fabricated at other
laboratories.

Subsequent measurement of the base region minority carrier mobility in the

MINP cell as well as in other cells made from similar material, confirmed the sug-

gestions of the preceding analysis (ref. 2). The MINP cells were indeed found to

have a lower base mobility than the other cells tested. However, rather than

finding a lower than normal mobility in the MINP cells, it was discovered that the
other cells possessed anomalously high mobility values. Figure l, taken from ref-

erence l, shows these differences and indicates further that the anomalously high

mobility (diffuslvlty) values are localized in the near-junctlon base region.

lhe MSD cell data in figure l can be fit quite well using a model that assumes

a narrow region of high dlffuslvlty (D) near the junction. Figure 2 shows such a

fit assuming, for ease of calculation, an infinite value of D in a 15 _m thick

region adjacent to the depletion region. A detailed calculation of the variation

of the base component of the dark saturation current Job as a function of the

magnitude of D in the near-junctlon region indicates that an increase of only 12x
is required to explain the measured factor of two difference between the MINP and

the MSD base saturation current components. This is illustrated in figure 3 where

Job' and Job are the base components of the dark saturation current with and
without the high D region, respectively. Although it was not possible to take

measurements on samples thinner than 20 _m or so, extrapolation of the MSD cell

data in figure l indicates that D increases of this magnitude are indeed feasible.
The mechanism responsible for the localized increases in D has been identified

as the effect of diffusion induced stress (ref. 2). Emitter contraction due to

phosphorus diffusion causes tensile stresses to be generated in that region. These
stresses in turn cause compressive stresses to be generated in the adjacent lattice,

i.e., in the near-junctlon base region. Since silicon is a piezoreslstlve material,
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these base region stresses result in localized disturbances in the minority carrier

dlffuslvity in that region.

If the above mechanism is correct, if the high dlffuslvity values measured in

the base regions of these cells are due to stresses originating in the emitter,

then it is reasonable to believe that removal of some or all of the highly stressed

emitter should result in a lowering of the base dlffuslvlty. When the emitter sur-

face is chemically etched, however, just the opposite effect is found. When the

surface of the emitter is removed the measured diffusivlty shows an abrupt increase.

Also, as seen in figure 4, the increase is not limited to the near-junctlon region.

Diffuslvlty levels throughout the base are raised by the etching process. Concur-

rent with these changes in D are a sizable decline in the red response (fig. 5),
confirming that the etching operation performed on the emitter does affect the base

region, and a drop in the open circuit voltage.
Upon thermal annealing (llO °C, 30 mln.) the etched cell characteristics return

to normal. Diffusivlty levels throughout the cell drop to values typical of an

unetched thick base cell, and the voltage and the red response recover. Measurement

of the activation energy for thermal recovery (fig. 6) yields a value close to the

energy for dlvacancy migration, indicating that atomic motion (silicon self dif-

fusion) is involved in the recovery process.

1ENSILE STRESSES

While the mechanism of stress generation in an as-dlffused cell is rather

straightforward, an explanation of cell behavior subsequent to emitter etching and

annealing appears to be somewhat involved. In order to describe the etch and anneal

phenomenon it appears that we must postulate that as the cell is lowered from the

diffusion temperature and is still in a plastic state, a limited amount of plastic

deformation takes place to relieve some of the diffusion induced stress. The
resulting room temperature situation is described schematically in figure ?(a). As

shown, there is a region near the surface in a state of tension that is balanced by

other regions in various states of compression.

When a part of the surface region (in tension) is removed by the etching proc-

ess, the tenslon-compresslon couple becomes unbalanced, allowing the compressed

region to expand (fig. 7(b)). lhe slipped region, being at room temperature and

unable to flow plastically, merely transmits the expansion to the adjacent base

region. The near-junctlon base region is thus put into a state of tension. It is

this etch induced tensile stress that is proposed as the cause of the drastic post-

etch increase in D. Further evidence supporting a tension based mechanism will be

presented further on in the discussion.
When the etched cell is annealed at elevated temperatures, the stresses are

relieved by a rearrangement of the lattice and the various cell characteristics
return to, or close to, normal.

We can thus state at this point that both tensile and compressive stresses can

be generated in the base region and that both types of stress degrade cell opera-

tion. It is also evident that tensile stresses are appreciably more damaging than

compressive stresses.

Another means of reducing diffusion associated lattice stress, according to
conventional wisdom, is to use a dlffusant that is dimensionally compatible with

the silicon lattice. One such element is arsenic, which has, according to the lit-

erature, a tetrahedral radius very close to that of silicon (ref. 3).

Following this llne of reasoning we prepared a number of arsenic diffused solar
cells from O.l ohm-cm float zone material. To ensure that the diffusant and the

lattice were in as close to an equilibrium state as possible, we performed a low

temperature deposition (850 °C, 150 mln), and then subjected the wafers to a long

(65 hr.), high temperature (950 °C) drive in with the arsenic source removed.
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Uponmeasuring the base region diffuslvity in these cells we found, to our
surprise, that the situation was worse than it was with the phosphorus diffused
cells. Figure 8 is a plot of the measureddlffuslvity as a function of base width
for one of the arsenic diffused cells. For comparison the figure also showsthe
corresponding data for a MINPcell. As can be seen, not only is there a wide region
of high diffuslvlty adjacent to the junction, but the high D values persist deep
into the cell. The plot is quite similar to that found for the etched phosphorus
diffused cell (fig. 4).

An estimate of the increase in the base componentof the dark saturation cur-
rent caused by the dlffuslvlty profile of figure 8 can be madeby assuming a base
region composedof two regions of constant D. If we assumea base with a 30 to 40
_m thick near-junction region where D is 15 to 20 times that in the rest of the
base, and assume (from fig. 8) a value of 35 cm2/sec in the rest of the cell, a
5x to 8x enhancement in Job should be expected. This is considerably greater
than the twofold increase found for the phosphorusdiffused cells.

These unexpected results prompted a return to the literature. What one finds
upon closer scrutiny is that although arsenic is well matched dimensionally to the
silicon lattice, a substantial fraction (as muchas 35 to 40 percent (ref. 4)) of
the absorbed material goes into the lattice non-substltutlonally. At least a por-
tion of this non-substltutlonal fraction becomesincorporated in the lattice in the
form of lattice expanding precipitates (ref. 5), as evidenced by the increased lat-
"tlce parameters which have been measured in arsenic diffused silicon. (ref. 6)
Thus, contrary to the situation found in the phosphorus diffused emitter, the
arsenic diffused emitter is a region of compressive stress, and as such should be
expected to cause tensile stresses to be generated in the adjacent base region.

The evidence strongly suggests, therefore, that the extremely high values of D
found in the base reglonof the arsenic diffused cell are due to the existence of
tensile stresses in that region which, in turn, are the result of compressive
stresses in the emitter region. The similarity between the dlffuslvlty versus base
width plots of the arsenic diffused cells and those of the phosphorus diffused,
emitter etched cells suggests that the samemechanismis active in both cases. The
arsenic diffused cell data thus support the mechanismproposed earlier to explain
the behavior of the emitter etched, phosphorus diffused cells.

Although an attempt to lower base stress levels in phosphorus diffused cells
by chemically removing highly stressed emitter regions resulted instead in an unex-
pected increase in stress, a similar effort with arsenic diffused cells proved to
be successful. Figure 9 shows plots of D versus base width for an arsenic diffused
cell before and after the emitter etch procedure. As can be seen, the etching
process reduces stress levels to such an extent that the measureddlffuslvlty
profile after etching is quite similar to that found in the low stress M!NPcell
km,_, II,

Another major difference between the phosphorus and arsenic diffused cells is

the fact that the dark saturation current of the former cell rose abruptly after
emitter etching whereas for the arsenic diffused cell it remained constant. This

is shown in table I where the etched arsenic diffused cell characteristics can be

seen to be even slightly better than those of the unetched cell. This is in con-

trast to the sharp drop in the output characteristics of the etched phosphorus dif-
fused cell.

lhe fact that the total dark saturation current of the arsenic diffused cell

is not affected by the etching process while at the same time the base component

undergoes a significant change, permits us to draw some interesting conclusions
concerning the emitter region.
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EFFECI OF STRESS ON EMIIIER CHARACIERISIICS

Up to this point we have limited our discussion to dlffuslvlty changes taking

place in the base region. While we cannot measure D in the emitter region, it is
obvious that similar, possibly even greater changes are taking place there. For-

tunately, we can get some insight into what is happening from an analysis of the
variation of the cell electrical characteristics during the emitter etching

procedure.
As mentioned with respect to figure 9, the base dlffuslvlty profile of the

etched arsenic diffused cell is very similar to that measured for the low stress
MINP cell. If we make the reasonable assumption that the etched arsenic diffused

cell has a value of Job comparable to that found in the MINP cell, we can, as

shown in table II, separate the dark saturation current of the etched arsenic dif-
fused cell into its base and emitter components.

As discussed earlier, there is a difference of a factor of at least 5 between

the Job values of the etched and the unetched arsenic cells. If this is true,
and if Job in the etched cell is 0.85 x lO -13 A°/cm 2, then in the unetched

cell (table If) Job = Jo. The emitter component (Joe) must therefore be

negligibly small. It thus appears that the stresses in the unetched arsenic dif-
fused cell are capable of producing an emitter with characteristics as good as those
found in the MINP cell emitter without requiring MINP-type surface passlvatlon.

As is evident in table II, however, the good news of an improved emitter region

is accompanied by the bad news that the emitter improvement is coupled with a

degradation in base characteristics. To realize the potential gains involved here,

a means would have to be developed to decouple base and emitter stresses, elimi-

nating the harmful base region stresses while at the same time maintaining the ben-

eficial emitter region stresses.

BIPOLAR DEVICES

While the unetched arsenic diffused device in figure 9 would not make a very

good solar cell, it would have a distinct advantage if it were incorporated into a

bipolar transistor.
It is well known that the common emitter current gain of a bipolar transistor

is directly proportional to the ratio of the minority carrier dlffuslvlty in the
base to that in the emitter. It is reasonable to assume that the extremely low

value of Joe found for the unetched arsenic cell in table II is due to a stress
induced reduction in the emitter diffuslvity. The exact magnitude of the reduction

is hard to determine but an estimate of about lOx would certainly be compatible

with the data in table II. Conversely, for the same cell a lOx diffusivity increase

in the near-junction base region would not be excessive. A ratio of the dlffuslv-

Ities thus indicates a two order of magnitude increase in transistor current gain

should be possible through the use of a properly diffused arsenic emitter.

SUMMARY

lhe results of the preceeding analysis can be summarized as follows:
l) Anomalously high values of minority carrier dlffuslvlty have been measured

in both phosphorus and arsenic diffused silicon.

2) lhe cause of the diffusivity anomalies is diffusion induced stress.

3) Both tensile and compressive stresses can be generated in the base region,

tensile stresses being more degrading.

154



4) Arsenic related stresses can greatly improve emitter characteristics.
5) Emitter improvements in present cells are coupled with base degradation.

There is a need to develop techniques to decouple base and emitter stresses.
6) Current gain increases of lOOxare possible in bipolar transistors incor-

poratlng properly designed arsenic diffused emitters.
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IABLE I. - AMOOUIPUICHARACIERISIICSFOR

ANARSENICDIFFUSEDCELL, BEFOREAND

AFIER EMIIIER EICHING

Etched Voc(V) Isc(A) Jo(A/cm2)

Yes 0.648 0.127 3.52 x 10-13

No .644 .122 3.95 x 10 -13

IABLE II. - CAI_CULAIED BASE AND EMIIIER

DARK SAIURATION CURRENI COMPONENIS

Jo(A/cm2) 3ob(A/cm2) Joe(A/cm2

MINP cell 0.85 0.85 (0)

Arsenic emitter - etched 3.52 .85 2.67

Arsenic emitter - unetched 3.95 3.95 (0)

All values x lO- 3
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RECOMBINATION IMAGING OF III-V SOLAR CELLS

G.F. Virshup
Varian Research Center

Pa!o Alto, California

An imaging technique based on the radiative recombination of minority carriers

in forward-biased solar cells has been developed for characterization of III-V solar

cells. The initial use of this technique has been to determine the quality of 1.93-

eV AIGaAs solar cells grown by metalorganic chemical vapor deposition (MOCVD). The

solar cells are forward biased until the J reaches a threshold of approximately

i00 mA/cm2. At this current, the light emitted by 1.93-eV AIGaAs cells due to radia-

tive recombination is sufficiently bright to be seen visually. Variations in the

intensity of the light across the wafer and individual cells correlates well with

various loss mechanisms. The technique is especially suited to high-bandgap cells

because the emitted radiation is visible in the spectrum and the image can be record-

ed using regular photographic film. GaAs cells have been studied with this technique

using vidicon tubes with responsivity as low as 1.15 eV.

INTRODUCTION

III-V solar cells are being developed at Varian for use in multijunction solar

cells. The successful development of these cells requires an understanding of the

loss mechanisms which detract from the optimal performance of the cells. Imaging

the photons generated by recombination of injected minority carriers during forward

biasing of solar cells has led to the identification of various loss mechanisms.

Recombination images are spatial views of cell current and loss mechanisms which

simplify the interpretation of complementary electrical data such as open circuit

voltage, short circuit current, efficiency, and fill factor. Data which lead to the

identification of three loss mechanisms in 1.93-eV AIGaAs cells grown by metalorganic

chemical vapor deposition (MOCVD) is presented.

EXPERIMENTAL DESCRIPTION

Recombination imaging (RI) is based on the radiative recombination of minority

carriers in forward-biased solar cells. This process occurs in direct-gap solar

cells such as those in the GaAs material system. When these cells are forward

biased, there is injection of minority carriers across the p-n junction. As seen in

Ref. i, these carriers recombine by both radiative and nonradiative processes, rela-

tive occurences of which are dependent on the two associated lifetimes.

The radiative recombination process yields photons having bandgap energy of the

semiconducting material. A fraction of these photons escape the semiconductor. For

high-bandgap materials such as 1.93-eV AIGaAs, the emitted photons can be detected

by the human eye; however, an infrared viewing scope is required for viewing images

from lower energy bandgap materials. For permanent images, photographic paper can

record visible photons and vidicon camera image photons with energies as low as 1.15

eV.

[_F_EDING PAGE BLANK NOT FILMED
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The spatial variations of the recombination image intensity indicate regions of

high or low radiative re_6mbination, which allows qualitative evaluation of the cell

quality. A schematic for setting up a RI system is shown in Fig. i. The power

supply forward biases the cell under test to a predetermined current or voltage

level, at which time the imaging system produces a recombination image.

CHARACTERIZATION OF III-V SOLAR CELLS

Initial use of recombination imaging at Varian has been in the characterization

of AIGaAs solar cells with bandgaps of 1.93 eV. The cells are grown by MOCVD on

Bridgman D-shaped GaAs wafers. Under forward biasing, these cells emit 642-nm

photons which are visible as red light.

Figures 2 and 3 are composites of recombination images of the solar cells pro-

cessed from two different MOCVD growths. The cells in these figures were imaged

using forward bias currents of i00 and 400 mA/cm2, respectively. The composites

allow us to see growth nonuniformities over the entire wafer. Gas flows were from

right to left during the growth of both wafers.

The left side in Fig. 2 shows reduced intensity of light emission. This is

interpreted as a downstream depletion of trimethylgallium and consequently higher

aluminum fraction in the AIGaAs layers during growth, which results in a transition

from direct to indirect AIGaAs. The recombination image of indirect gap material is

of extremely low intensity due to the radiative lifetime in indirect material, as

seen in Ref. 2. AIGaAs makes the transition from direct-gap material to indirect-

gap material near 1.94 eV. These results are supported by photoluminescence measure-

ments of these samples.

Table I contains the efficiency, open circuit voltage (Voc), short circuit cur-

rent (Jsc), and fill factor (FF); the information corresponds to the cells in Fig.

2. The efficiencies of the cells ranges from 2% to over 10%, with 50% of the cells

between 9 and 10.5% efficiency. The average current density of these cells over the

wafer is 12 mA/cm 2, while the average Voc is 1.37 volts. The poor cells (efficien-

cies < 9%) all exhibit lower fill factors, but some (2, 6, 7, ii) have low values of

Isc and others (cells #9, I0) have low Voc. The terminal electrical characteristics

identified a problem with some of the cells, but did not explain the cause of the

loss mechanisms. The causes only became clear when recombination images were com-

pared to the electrical characteristics.

The cells with reduced imase intensity (cells #2, 6, 7, ii) have an average

current density of only 8 mA/cm z. The lower current density correlates well with

either a higher bandgap semiconductor or a lower quantum yield, both of which are

expected for the indirect-bandgap material.

Another loss mechanism seen in Fig. 1 is the existence of point defects. These

are visualized as localized dark regions scattered over the wafer. Some point

defects were found to be shorting paths which lowered the open circuit voltage of

the cells. Other point defects are just surface defects which block light from

exiting or entering the cells. Cells 9 and i0 exhibit low open circuit voltages due

to the shorting defects, while their current density is not affected. The point

defects seen in cells 8 and 14 are surface defects. Also seen in Fig. 1 are discon-

nected grid lines which are visualized as dark regions due to the lack of current

flow in the nearby regions.

164



Similar loss mechanisms have been seen with recombination imaging in other

1.93-eV AIGaAs growths. Figure 3 shows a wafer with downstream direct-to-indirect

transition, but few point defects.

Recombination imaging has been implemented for GaAs cells whose bandgap radia-

tion of 870 nm is beyond the sensitivity of regular photographic paper. Figure 4 is

a recombination image of a GaAs space cell made using a vidicon camera with sensiti-

vity to wavelengths as long as ii00 nm. Figure 4 also shows that point defects and

disconnected grid lines can be detected in GaAs solar cells.

SUMMARY

Recombination imaging of solar cells is a simple technique that allows visual

identification of direct-gap solar cell loss mechanisms. When used in mapping of

whole wafers, it has helped identify three independent loss mechanisms (broken grid

lines, shorting defects, and direct-to-indirect bandgap transitions), all of which

resulted in lowered efficiencies. The imaging has also lead to improvements in

processing techniques to reduce the occurrence of broken gridlines as well as surface

defects. The ability to visualize current mechanisms in solar cells is an intuitive

tool which is powerful in its simplicity.
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TABLE I: Map of current-voltage measurement results from wafer shown in Fig. 2.

'celf#

Effic (%)

Voc (V)

Jsc(mA/cm

FF

6

4.91

1.34

6.3

0.78

2

5.02

1.34

8.1

0.62

7

6.57

1.37

8.94

0.72

3

9.17

1.39

11.6

0.77

8

10.3

1.38

12.3

0.82

5

9.03

1.37

12.0

0.74

9

2.14

0.43

12.3

.51

!0

4.80

1.28

11.7

0.43

11

6.O9

1.35

7.79

0.78

J
12

9.72

1.38

11.30

0.84

14

10.3

1.36

13.8

0.80

15

10.5

13.7

12.5

0.83
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IMAGING SYSTEM m 
POWER SUPPLY 

SOLAR CELL 

Fig. 1 Schematic of recombination imaging system. 

Fig. 2 Recombination image of 1.93-eV A l G a A s  solar 
cells with 100 mA/cm2 forward current. 
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F i g .  3 Recombination image of 1.93-eV A l G a A s  solar c e l l s  
w i t h  400 mA/cm2 forward c u r r e n t ,  

F ig .  4 Recombination image o f  G a A s  space  c e l l .  
Imaged us ing  v id icon  tube .  
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1. Solar Cells and Light Emitting D|odea

Since solar cells and light emitting diodes first came into common use, they have largely been

considered separate areas. The information determined from one was not directly applicable to

the other. However, there are many similarities between solar cells and light emitting diodes

(LEDs) which suggest the potential use of light emission for solar cell analysis. Solar cells

and LEDs both operate in forward bias. However, solar cells absorb light to generate current

whereas LEDs require injected current to generate light. In other words, light drives a solar cell

into forward bias and generates energy in the form of current at a certain voltage. In contrast,

injected current in a LED drives the LED into forward bias and generates energy in the form of

light. The use of light emitted from the surface of the solar cell has not been widely used as a

technique to analyze solar Cells.

In order to determine if a solar cell would indeed emit usable light as expected, a GaAs solar

cell was forward biased and examined with an infrared viewer. The light emitted from the solar

cell was not uniform, even though the I-V curve of the solar cell displayed no defects.

2. Solar Cell Background

A solar cell, like a LED, is a semiconductor p-n junction. However, the structure of the solar

cell is somewhat different than a standard semiconductor diode, since the depletion region must

be near the surface in order to efficiently collect photogenerated carriers. This special structure,

which in practical terms implies a very thin collector, makes the solar cell vulnerable to certain

defects_ _Most of these defects can be simply modeled and affect the LV curve. However, the

model does not distinguish between microscopic and macroscopic defects, while the L¥ curve

will detect only macroscopic defects. Nevertheless, microscopic defects (which can include shunt

defects) can lead to device failure. Defects which lead to device failure (mostly shunts and

irregularities at the junction) are the subject of this work.

3. Light Emission

Since light emission begins at the junction and passes through the collector to the surface,

any defects in this region will affect the pattern of light emission. Two types of light emission

can be used to analyze solar cells. The first, forward biased light emission is the radiative

recombination of carriers and is the mechanism operating in LEDs. In order for a semiconductor

to emit light in forward bias, there must be suf_cient radiative recombination of carriers and
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incomplete absorption of the radiative recombination. This works well if the material has a

direct band gap, and if enough carriers can be injected and radiatively recombine so that the

light can be detected at the surface of the solar cell. Additionally, the collector must not be so

thick that all the light is internally re-absorbed.

Forward biased light emission is strongly dependent on the threshold current density flowing

through each part of the solar cell. In areas of the solar cell with a higher current density, the light

will be emitted with greater intensity than in areas with a lower current density. Consequently,

the overall current flowing through the device alone does not provide much information, but

must be used only in conjunction with the pattern of the light emitted from the surface. The

threshold current density also determines, by the diode equation, what the threshold voltage for

light emission will be. Light emission is sensitive to local variations in the current and voltage

that will not affect the overall I-V curve.

The reverse biased light emission is also strongly dependent on the localized current density.

However, the mechanism by which current flows across the junction and by which light is emitted

is quite different than that involved in forward bias light emission. Current begins to flow

across the junction due to avalanche breakdown. However, avalanche breakdown does not occur

uniformly across the junction, but begins where the applied voltage is higher or the voltage

required to begin avalanche breakdown is lower. Consequently, current flows only through certain

small areas of the junction. Due to the carrier multiplication in avalanche breakdown, large

amounts of current flow through the small areas undergoing avalanche breakdown. This high

current (and power} density heats the lattice to the point where the areas undergoing avalanche

breakdown begin to emit black body radiation in the visible region.

4. Mechanisms Affecting Light Emission

A solar cell completely free from any defects should emit light uniformly across the entire

surface in forward bias. However, there are several mechanisms which will cause variations in

the ideal uniformity of the light. Of major importance are those due to defects which may lead

to catastrophic failure. One such defect is a shunt defect. Shunt defects, which greatly reduce

the power available from a solar cell, are very common and with the advent of new thin film

solar cells may become even more frequent. Shunts are usually caused by punch-through of the

metal grid-pattern across the very thin collector. As can be seen from the model of a solar cell,

a shunt defect acts like a current divider between the shunt defect and the area of the junction

without the shunt defect. At a fixed voltage, lower shunt resistance results in more current flow

through the shunt, but not less across the junction unaffected by the shunt. Consequently, the

total current flowing through the solar cell when light emission begins increases while the voltage

present across the solar cell remains the same. The total current will be inversely proportional

to the shunt resistance, while the current density flowing across the junction needed to begin

light emission remains the same.

The area near a shunt defect will not emit light. Since there are no injected minority carriers

in the region of a shunt, there are no carriers to recombine and cause radiative recombination.

The location of the shunt affects the pattern of light emission from the surface of the solar cell.

If the shunt occurs in the bulk of the material, the solar cell will behave in the way the ideal
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model predicts, and only the small area around the shunt will not emit light. Shunts in the bulk

of the material may migrate to the grid pattern and cause device failure.

If the shunt occurs along the grid pattern, portions of the solar cell will be shorted out and

will remain dark. If the shunt occurs along the grid line, no current will flow through the entire

region from which the grid line previously collcctcd current. In other words, the shunt on the

grid bar shorts out this entire region, much the same way in which many resistors in series will

be shorted if a much lower resistor is put in in parallel with some of them. Consequently, all

areas of the solar cell from which the grid line collected current will remain dark. In addition,

the current going through the entire device will be much larger than if a shunt is not present,

or if the shunt was only in the bulk of the material. The voltage measured at the probe will

be slightly higher than a solar cell without a shunt, due to current crowding at the probe. The

voltage is measured only at a single point, the probe. The entire current flowing throughout the

device must flow through the probe. The higher current creates a larger voltage drop vertically

across the grid bar. Since the measured voltage at the probe takes into account this voltage

drop, the actual voltage across the junction unaffected by the shunt is somewhat less than the

measured voltage. The voltage is higher only along the path from the shunt to the bus bar. The

rest of the junction has the threshold voltage present across it.

The third place a shunt can form is on the bus bar. In this case, the entire junction is shorted

out. This implies only that the majority of the current flows through the shunt rather than across

the junction of the solar cell. If enough current flows through the shunt, the voltage can increase

until the necessary current density to begin light emission is forced across the junction. Again,

as in the case with the shunt occurring on the grid line, the voltage will be higher along the the

path through which the shunt current flows, due to current crowding.

A second mechanism which affects the light emitted from the surface of the solar cell is the

presence of irregularities at the junction. These defects are not detectable under examination

of the I-V curve, but can also lead to catastrophic failure by lowering the reverse breakdown

voltage, a key parameter in nearly all applications of the solar cell. In all practical applications

the solar cells are grouped into arrays, usually groups in series and these groups parallel. If

shade covers a solar cell, the solar cells that are still in the sun will drive the shielded solar cell

into reverse breakdown, and possibly catastrophic failure. This will reduce the power from the

entire array. It can be very difficult to test for this defect. The areas containing irregularities

will not emit light, or may emit light at a higher ( or lower) current.

Another mechanism which will affect the pattern of light emission from the surface of the

solar cell is an non-uniformly applied voltage. The voltage may be unevenly applied due to
current crowding, series resistance, or cracks.

Finally, the light may be altered by some of the light being blocked. This can be due either

to dirt or to an excessively thick collector.

All these types of defects can be distinguished from each other by examining the current

density needed to begin light emission and the pattern of the light emission. A shunt defect is

the only type of defect which will increase the current density and possibly voltage needed to

begin light emission. Any cracks can be distinguished from other defects by the fact that the
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region between a light area and a dark area is very sharply defined. Additionally, dark areas will

extend to the edges of the solar cell in at least one direction. A close visual examination may

reveal a crack. Dirt on the surface of the solar cell should also have sharply defined edges but

in an irregular pattern and may also be visible upon a close visual examination. Light blocked

by a collector that is too thick will have very fuzzy edges, and the dark areas should become

slightly smaller as the current is increased. Also, cracks, dirt, and uneven collector will all lower

the short circuit current. Irregularities in the junction will affect the reverse breakdown voltage

of the solar cell, but not the forward characteristics. They may have either a regular shape or

an irregular shape. The edges as well may appear to be slightly fuzzy.

5. Experlmental Procedure and Results

Light emission is especially useful for detecting defects that can lead to catastrophic failure.

The two major types of defects that can lead to catastrophic are shunt defects and irregularities

at the junction. In order to test for shunt defects, solar cells free from shunt defects were obtained

from Joseph F. Wise of the U.S. Air Force Wright Aeronautical Laboratories. Shunt defects were

then induced, and based on the light emission, the location of the shunt defect was determined

and the shunt removed. The presence and location of irregularities was also determined. The

procedure to demonstrate this is given below.

1. The LV curves of the solar cells were measured to insure that there were no shunt defects

present.

2. The forward biased light emission was recorded to determine the presence of any irregulari-

ties.

3. The solar cell was reverse biased until avalanche breakdown occurred.

4. The light during avalanche breakdown emission was photographed to confirm the presence

and location of irregularities.

5. In order to induce a shunt defect, the avalanche current through the solar cell was increased

until irreversible breakdown occurred, and the light emitted was again photographed.

6. The solar cell was forward biased and the light emission photographed.

7. The LV characteristics of the solar cell were measured.

8. The solar cell was cut were the forward and reversed biased light emission predicted the

shunt to be.

9. Both halves of the solar cell were re-examined.

All the solar cells behaved very similarly except where avalanche breakdown occurred, and

the value of the reverse breakdown voltage. Both depend on the presence of irregularities at the

junction.
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The solar cell shown in Figs. 1 to 4 contains many irregularities at the junction, probably

doping variations or dirt at the junction of the solar cell. The many dark areas in Fig lb predict

the presence of irregularities. Theoretically, these irregularities should correspond to regions

where the avalanche breakdown voltage is lower, and they should begin to conduct current sooner

than the rest of the junction. Since the reverse bias light emission is dependent on the current

density through each area, regions with irregularities should emit light in reverse breakdown.

Consequently, Fig lc confirms the prediction of Fig lb that there are many irregularities at the

junction. The avalanche breakdown voltage was rather low, approximately 2.5 V. The solar cell

in Fig lc has not suffered irreversible breakdown, only avalanche breakdown. In order to induce

a shunt defect, the current in avalanche breakdown was increased until irreversible breakdown

occurred. Once the shunt was induced, the resistance in this region became lower, so most of

the current began to flow through the newly created shunt defect. This accounts for the greater

intensity of the light being emitted at one location once irreversible breakdown occurred. Due

to the heating of the grid pattern through which the shunt current flowed, some areas of the grid

pattern also became shunted. The extent to which this happened depended on how long the

irreversible breakdown current was flowing through the solar cell. The shunting happened first

where the power density (corresponding to the current density) was the highest. Consequently,

the light seemed to move from its original location to the probe. This accounts for the slightly

oval shape of the light in Fig 2a. Fig 2b, like Fig. 2a, predicts that the shunt occurred on the

second grid line from the left. This location of the shunt defect was confirmed by removing

the region expected to contain the shunt. The area predicted to contain the shunt did indeed

display severely shunted characteristics (Fig. 4b compared to Fig. 3b) while the other region

regained nearly identical characteristics to those of the original solar cell. Some shunting effects

are present due to heating of the bus bar, while the current is slightly lowered due to cutting
damage or inaccuracies in area measurement.

The other sample shown behaved similarly except that there were fewer irregularities at the

junction. The light emitted in forward bias predicts fewer irregularities. Fewer spots suffering

avalanche breakdown (see Fig 6a), combined with a higher avalanche breakdown voltage (5

V) confirms the prediction of fewer irregularities. Again, the forward bias light emission and

reverse bias light emission both indicated that the shunt was on the third grid bar from left.

When this area was removed, half of the solar cell displayed normal I-V characteristics ( Fig.

7a compared to 8a) while the half which was predicted to contain the shunts, showed severely

shunted characteristics (Fig. 7b compared to Fig. 8b).

6. Conclusion

Solar cells and light emitting diodes are similar devices. A solar cell, if under light, can

charge a battery, while the battery in turn can cause the solar cell to emit light like an LED.

Since the solar cell can be used as two separate devices, it can be used to test itself.

Two types of light emission, forward bias and revrese bias, can be used to test the solar cell.

Defects which are not readily apparent when examining the I-V curve (but can lead to device

failure) can be detected using light emission. Two such common defects are irregularities at

the junction and shunt defects. Both forward and reverse bias light emission cart detect these

types of shunts. Other, grosset defects are also readily apparent using light emission. These

can include shunt defects, cracks, dirt, and an excessively thick collector. By examining the I-V
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characteristics of the solar cell, and the current density needed to begin light emission, localized 
information about the solar cell can be obtained and the type of defect can be determined. 

Further work would include investigation into the nature of the irregularities that lower the 
reverse breakdown voltage. In addition, quantification of this method can lead to the develop- 
ment of a useful quality assurance procedure which can evaluate and predict the performance of 
solar cells. 

Figure 1 Sample h332d a) The solar cell with no bias present across it. b) The forward 
bias light emission before a shunt was induced. The dark rectangle at the bottom is the 
bus bar. The faint vertical lines are the grid lines. The irregular dark areas correspond to 
irregularities at the junction. c) Reverse bias light emission before the shunt defect was 
introduced. The white areas are emitting light. As the theory predicted, the dark areas 
in b) and the light areas in c) are in similar locations. 
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n 

h332d a) The reverse bias light emission when the shunt was -1duced. 
The light emission appears to be oblong because the shunt is beginning to burn its way 
to the probe. b) The forward bias light emission after the shunt was induced. The light 
emission predicts the shunt to be on the second grid bar from the left. The shunt is further 
down than Fig. IC suggests because the shunt continued to move towards the probe after 
the picture was taken. 
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Figure 3 Sample h332d a) The I-V curve of the solar cell before the shunt was induced. 
b) The I-V curve of the solar cell after the shunt was induced. 
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Figure 4 Sample h332d a) The I-V curve of the area predicted not to contain the shunt. 
The curve is not identical to that in Fig. 3a due to heating of the bus bar and cutting 
damage. b) The I-V curve predicted to contain the shunt. 

Figure 5 Sample h339d a) The solar cell without any applied bias. b) The in forward 
bias light emission. The light emission is fairly uniform. c) The reverse bias light emission. 
Since the light from forward bias light emission is fairly uniform, there should be few 
areas emitting light in reverse bias. In this sample, only one area underwent avalanche 
breakdown, so the reverse bias light emission before and after the shunt was introduced 
will be the same. d) The forward bias light emission. The shunt was predicted to be on 
the third grid bar from the left, near the bottom of the solar cell. 
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Figure 6 Sample h339d a) The LV curve ofthe solar cellpredicted to contain the shunt.

b) The I-V curve after the shunt was induced.
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Figure 7 Sample h339d a) The LV curve of the area predicted not to contain the shunt.

b) The I-V curve of the area predicted to contain the shunt.

177



N8 7- 26 433
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Seattle, Washington

This paper concerns electro-optical characterization of MOCVD GaAs p/n solar

cells. The objectives of these studies are to identify and understand basic
mechanisms which limit the performance of high efficiency GaAs solar cells. The

approach involves conducting photoresponse and temperature dependent current-

voltage measurements, and interpretation of the data in terms of theory to

determine key device parameters• Depth concentration profiles are also utilized
in formulating a model to explain device performance.

CELL FABRICATION AND PERFORMANCE

Solar cell structures studied are described by figure 1. MOCVD film

structures were grown according to specifications by industrial suppliers.
Metallization, cap removal, and AR layer deposition are done at the Center.

SiN x deposited by plasma-enhanced CVD (PECVD) is utilized as a single AR coating.
AM1 efficiencies in the range of 17% to 18% have been achieved with cells

fabricated as discussed. Cells are typically 1.5 cm x 1.5 cm.

PHOTORESPONSE

Spectral photoresponse studies are used to determine values for the front

recombination velocity, S(F), the emitter minority diffusion length, L(F), and

the base minority carrier diffusion lepgth, L_B). We typically find L(F) to be
3 to 5 {m, and S(F) in the range of 10_ to 10 _ cm/sec. The devices under

study are emitter dominated cells. As a result, the internal photoresponse is
rather insensitive to the base di _,,-_ 1_÷h T....... +_..I

ilU_tVt! •-,,_ ...... v ....... arly interesting
results have been obtained, namely: a light biasing effect; and the apparent
existence of a 'dead layer' in the p-GaAs region, adjacent to the AIGaAs layer.

The internal photoresponse is plotted for a cell under dark and biased

conditions in figure 2. Under dark conditions, the surface recombination velocity

is on the order of 106 cm/sec. With the cell illuminated by, approximately AM1
illumination, the internal photoresponse indicates S(F) = 10_ cm/sec. The

light biasing effect is observed to occur after SiN x deposition. Prior to
silicon-nitride deposition, the value of S(F) is typically in the range of 104

Work supported by the Air Force Office of Scientific Research, Grant AFOSR-84-0355.
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to 105 cm/sec, and is the sameunder both dark and illuminated conditions. Depth
concentration profiles taken by Auger spectroscopy indicate that a significant
level of oxygenexists at the SiNx-AIGaAs interface after silicon-nitride
deposition. A possible explanation for the light biasing effect is that excess
oxygen exists at the GaAs-AIGaAsinterface giving rise to recombination centers
that saturate whencells are subjected to AM1illumination. Weare not aware of
any other reports of this light biasing effect in GaAscells.

F;Egure3 describes calculated internal photoresponse curves assuming S(F) =
2 x 10_, L(F) = 5 _m, and four thicknesses for the 'dead layer'. Referring to

figure 4, layer 2A is the so-called dead layer. It is assumed that this region
of GaAs is characterized by a negligible minority carrier lifetime. As indicated

in figure 3, it is found that the experimental curve for the internal photoresponse

can only be fit by selecting a finite value for the dead layer thickness. We

interpret this result as indicating that the transition region between GaAs and
AIGaAs is very defective. This conclusion is supported by depth concentration

profiles obtained by Auger spectroscopy.

T-I-V ANALYSES

Current-voltage analyses have been carried out at various temperatures
between 250°K and 400°K. Data are taken under dark and illuminated conditions.

A computer based data acquisition system is utilized to obtain data points as

desired at each temperature. Data are then interpreted in terms of theory. We

find that I vs. V under dark conditions and ILOSS vs. V (where ILOSS = IpH - I)
under illuminated conditions can be interpreted in terms of two current mechanisms

acting in parallel, one dominant at low voltages and one dominant at high voltages.
Figure 5 describes typical results for the loss current vs. voltage measured

under illuminated conditions. The two mechanisms are apparent. The low voltage

mechanism can usually be interpreted as involving multiple-step tunneling. The

upper mechanism is due to minority carrier injection or space charge recombination.
In cases for which the higb vol t_ge mechanism is due to minority carrier injection,

n = 1.00 and Jo _-3 x 10-i_ A/cm L. When space charge recombination is dominant,

n takes on values anywhere between 1.0 and 2.0, indicating that a wide range of
recombination levels may be active in the junction regions. These investigations

suggest that the device edges are the sources of loss currents due to multiple-step
tunneling, as well as loss currents resulting from space charge recombination.

PHYSICAL CHARACTERIZATION

Depth concentration profiles for the same device for which internal

photoresponse data is described in figure 2 are depicted in figure 6. The

GaAs-AIGaAs transition region appears to be on the order of 400 A wide.
Furthermore, as noted above, a relatively high concentration level of oxygen

exists in the top layers of the device. In particular, these results suggest

that a relatively high level of oxygen may exist in the GaAs-AIGaAs transition
region. It is proposed that the wide transition region and oxygen impurity

level are responsible for both the light biasing effect and the dead layer.
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Figure 5. T-I-V Data for GaAs Cell.
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THE USE OF MULIIPLE EBIC CURVES AND LOW VOLIAGE ELECTRON

MICROSCOPY IN 1HE MEASUREMEN1 OF SMALL DIFFUSION LENGIHS

R.P. Leon

NASA Lewis Research Center

Cleveland, Ohio 44135

Diffusion length measurements were made in highly doped and radiation damaged

III-V semiconductors using the technique of charge collection microscopy (sometimes

known as electron beam induced current (EBIC)). EBIC curves were plotted while
using the SEM on a llne scan mode. Values of the currents read from these curves

were then equated to expressions obtained from the solution of the diffusion equa-

tion for a thick sample. An extended generation function was used in order to

account for the finite volume of the induced minority carriers. The surface recom-

bination velocity was either treated as an unknown In a system of two integral equa-

tions, or measured directly using low accelerating potentials for the electron beam.

With the emergence of III-V compounds in the field of photovoltalcs, it has

become increasingly more important to have accurate methods for determining small

(l to lO _m) diffusion lengths L. A reliable determination of the values of L

is necessary in device modeling, radiation damage studies, and device fabrication

since it is quite important to be able to assess the damage to the electronic pro-

perties of materials subject to certain processes.

Figure 1 shows the configuration that has been used to make these measurements.

lhe depicted geometry was chosen to permit direct measurements to be made on

finished solar cells. The contacts used were ohmic ones made wlth evaporated thln

films of gold. lhe current amplifier had fast response, low noise, low input Imped

ance, and the gain was calibrated. The leads were shielded, and the circuit ground

was separated from the SEM ground.

When energetic electrons impinge on semlconductlng material, electron hole

pairs are created. The required ionization energy is a function of the bandgap

(ref. l). In GaAs it takes 4.5 eV of incoming radiation energy to create a minority

carrier. If one assumes no surface recombination, and point generation of minority

carriers, the collected current follows a simple exponential decay form:

-x/L
Icc : Ioe (1)

where

Io maximum current collected (PN junction)

L diffusion length
X distance from PN junction

However, the surface recombination can be very large in III-V's, and its effect

(ref. 2) cannot be neglected in the measurement of L. Increasing the accelerating
potential for the electron beam minimizes the effect of surface recombination

velocity S. Unfortunately, this approach diminishes the resolution of this

technique, since for small L's the electron range then becomes comparable to the
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value of L. Figure 2 shows that at 30 kV - the most commonlyused accelerating
potential in routine SEMoperation - the electron range Re is about 3 _m.

For these reasons low accelerating potentials have been used to obtain the
charge collection microscopy curves used in these measurementsand calculations.
lhe integral solution of the two-dimenslonal diffusion equation with seml-lnflnlte
thickness and an extended generation function (ref. 3) in the form of a three-
dimensional gausslan distribution have been used here. Figure 3 shows an experi-
mental EBIC plot of the ratio of collected current to maximumcurrent (in the
depletion region). At any Xo, this ratio can be expressed as (ref. 4)

Icc(Xo )

I
O

2 udu exp - u2 2 02 2 + lo - 0.57 exp -- -

- _ (u2 + l) 2L2 2L2

z )lI lu lX rl o u2 o
n ÷ _u 2 + l erfc + l - L sin

where

z =0.3R
o e

R
= e

= kS
n

(2)

As can be seen one can measure or assume reasonable values for all the variables in

equation (2) except for the surface recombination velocity S, an unknown whose

effect is not negligible. Hence, two different approaches that allow the determina-

tion of S were undertaken, so that equation (2) could be solved numerically, and

the value of L could be extracted from the integral form.

Assume two different accelerating potentials (E1 and E2) for the electron

beam impinging on the same semiconductor. In functional form, the normalized cur-

rent at a given xo can be rewritten as

Iccl(Xo)
J f(L,E S x ....) (3)

IoI ' ' o

Icc2(X°) fio2 = f( ....E2,... ) (4)

Figure 4 shows two of the experimentally obtained EBIC curves at the different

potentials. The same xo is used, so one can assume the same value for the dif-
fusion length. This applies even in the case of graded doping or other nonuniform-

Ities. At the same xo, one can also assume that S will be the same, even for
different values of the recombination across the surfaces of the samples analyzed.

This allows the treatment of equations (3) and (4) as two integral equations with

two unknowns.

186



The value for S can then be obtained by using an Iterative process, where an
initial value for S is guessed. Holding S constant in equation (3), an L is
found that satisfies the condition

lcc(calculated) - Icc(measured) _ TOLERANCE (5)

This value for L is then used in equation (4), where S is next varied to
satisfy equation (5). This process is repeated as necessary until an L and an S

are found which satisfy both equations (3) and (4). Numerical integration was done

using the Romberg method where the upper limit was increased until the last two com-

puted integrals differed by a negligible value. The roots (values of L and S) were

searched by using the Regula Falsi Method. The integral form for the complementary

error function was used. Figure 5 shows a flowchart for the numerical calculations
performed here.

The second method uses less computer time but requires a more sophisticated SEM.

It makes use of the result (ref. 5)

az In Icc : D (6)
z_O (as E_O)

which allows a more direct determination of the value of S while the sample is inside

the SEM specimen chamber. In order to use equation (6) and obtain accurate values, one

must have low voltage capabilities and the ability to vary the beam accelerating poten-

tial without changing the total beam current. Figures 6 and 7 show the determination

of S/D for the devices that were analyzed here. The GaAs diode was P on N. The

N region was silicon doped, with a carrier concentration of about IxlO IB. The Junc-

tion was very abrupt. The InP solar cell had a P-type base, doped at about IxlO17.
lhe cell had been subject to lOl2/cm 2 lO MeV proton irradiation.

Figures 8 and 9 show the measured values for diffusion length, as a function of
distance from the PN junction, for the same devices. The spread in the data points

from the different accelerating voltages (which ideally, would coincide for a given

Xo) has been used to assign a value to the uncertainty. The reported value has been

chosen as the L that is reached asymptotically as xo gets farther from the junc-
tion, since other workers (ref. 6) have observed that the measured value of L is more

reliable if a larger xo is used.

In summary, accurate evaluations of diffusion lengths for heavily to moderately

doped iii-V semiconductors and/or radiation damaged solar cells have been made possible
by using the experimental and numerical techniques described.
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RESULTS OF 1 MeV PROTON IRRADIATION OF

FRONT AND BACK SURFACES OF SILICON SOLAR CELLS

B.E. Anspaugh and R. Kachare

Jet Propulsion Laboratory

Pasadena, California

V.G. Weizer

NASA Lewis Research Center

Cleveland, Ohio

Several silicon solar cells with and without back surface fields (BSF), having

thicknesses of 200 _m and 63 L_n Were irradiated with 1MeV protons having fluences

between 1 x I0 I0 and 1 x 1012 p/cm 2. The irracliation was performed using both

normal and isotropJc incidence on the front as well as back surfaces of the solar

cells. The results of the back surface irradiations are anal_rzedbyusingamodel

in which irradiation-induced defects across the b_igh-low (BSF) junction are

considered. It is concluded that degradation of the high-low junction is

responsible for the severe performance loss in thinner cells when irradiated from

the rear.

INTRODUCTION

For the past several years most solar cell manufacturers have incorporated a

back surface field in their solar cells in order to boost power output. The BSF

has been particularly important in thin solar cells where the minority carrier

diffusion length may be much larger than the thickness. Sigrdficant increases in

power (as much as 28% for 63 _m thick cells) are achieved when the field is

incorporated. However, BSF cells lose their output at a greater rate than their

non-field counterparts when exposed to ionizing radiation typical of space

exposures (ref. i). The degradation of BSF cells with radiation has not been

adequately _modeled, and it is the purpose of this paper to explore the cell

wiuL, one _i_:_ ener_-_T ......degradation ""_ -__ _ p_nenns and conlpare the results with the

predictions of a recent model describing the behavior of cells with defective BSFs

(ref. 2).

EXPERIMENTAL PROCEDURE

The solar cells tested were made from i0 obm-cm silicon. They all had dual

antireflection coatings and aluminum back surface reflectors (BSR). Two

thicknesses of solar cells were used, 63 _m and 200 _m. Half the cells of each

thickness had back surface fields applied using aluminum paste, and half had no

BSF. The cell manufacturer estimated that the junction depths were 0.25 _m, the

BSFs penetrated into the cell ~ 5 _m and the thicknesses of the aluminum BSRs Were

0.2 _m. All cells measured 2 x 2 cm.
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The 1 MeV proton irradiations were performed at the Caltech i MeV van de

Graaff accelerator facility using the techniques described in reference 3. The

protons were spread out into a uniform beam at the target plane by use of a gold

scattering foil about 2 _m thick. Two groups of cells were irradiated during each

run, one group under front normal incidence, and the other group under simulated

front isotropic incidence using the omnidirectional fixture (ref. 3). After the

groups of cells were irradiated in this manner, the irradiation was repeated

with another twD groups of cells with the protons incident on the rear cell

surfaces. Light I-V curves before and after irradiation were talaen with an X25

Solar Simulator simulating the air mass zero solar spectrum. This procedure was

repeated 7 times with the same solar cells, increasing the fluence level each time

until a total fluence of 1 x 10 12 p/cm 2 had been accumulated. The cells were not

annealed after irradiation, and in most cases were measured within an hour of the

irradiation.

RESULTS ANDDISCUSSION

Protons having an energy of I MeV will penetrate to different depths in

silicon solar cells, depending on whether they are incident on the front or rear

surfaces. They will go into the silicon 16.5 _m_ (ref. 4) when incident on the

front, but due to the presence of the rear metal contact, they will only go into

the silicon N 4 _n when incident on the rear. P_lenprotons are incident normally,

they produce most of the dispiacement damage very near the end of their track,

essentially producing a recombination zone which inhibits passage by minority

carriers. But when protons are incident isotropically, they produce a rather

smeared out damage profile which will be easier for minority carriers to cross.

The use of 1MeV protons _as made in this investigation to selectively examine the

effect of irradiation on the front portion of the cells where the junction is

involved, and on the rear portion of the cells where the back surface field is
involved.

Tables I and II show the values of Isc, Voc, Pmax, and FF of 200 _m and 63
silicon solar cells respectively before and after 1 MeV proton irradiation to

fluences of 1 x 1012 p/cm'-22. The pre-irradiation data shows the advantage of using

the BSF structures. For example, the fields increased cell performance in the

200 _m cells by ~ 20 mA in Isc, 69 mV in Voc, and 17 mW in Pmaxwhile in the 63 pm
cells, the fields gave corresponding increases of - 15 mA, 90 mV, and 16 mW.

The advantage of the field is given up after front surface irradiations,

however. As shown in the Tables, the electrical parameters of the 63 pm cells are

essentially the sameafter either normal or omni irradiation, regardless of whether

the cells began life with a BSF. In contrast, the thicker 200 _n cells with BSF

retain slightly higher outputs cells after the I MeV front irradiations. This

behavior is also depicted in figures I and 2 where Pmax is plotted as a flinction of
1 MeV proton fluence. The data is illustrating that as the proton fluence is

increased, the effectiveness of the BSF is reduced and nearly the same values of

Pmax should be observed irrespective of BSF and cell thickness.

A comparison of the differences between front surface omni vs. normal

incidence irradiation reveals some interesting differences. For both cell

thicknesses, the cmlni irradiation is not as damaging for either Isc or Pmax" But
for Voc, the end result after _ = 1 x 1012 p/cm 2 is exactly the same.

When the non-BSF cells of either thickness are irradiated from the rear with

omnidirectional protons, there is almost no degradation of the solar cell

parameters. This is not true of the BSF cells, however. The 63 pm BSF cells with

fields degrade more than the non-BSF cells under these conditions. The opposite
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is true of the 200 pm BSF cells where the BSF cells retain higher outputs after the
rear cmni irradiations.

Examining the case for rear normal irradiation, we find degradation in all

cell types. Here too, the 63 _m cells with fields degrade more than their non-BSF

counterparts. The 200 _m cells with fields degrade at a faster rate than their

non-field counterparts, but they retain more absolute power. Figures 3 through 5

illustrate the degradation of the various cell parameters under normal rear

incidence irradiation. Figure 3 illustrates that negligibly small changes occurred

in the Isc values of non-BSF cells of either thickness. However, significantly

large degradations in Isc values are seen in both thicknesses of BSF cells. The 63

pm BSF cells retain their^Is_ advantage over the non-BSF cells until fluences
greater than I x 1011 p/cm z _e reached, but from then on, the non-BSF cells were

superior. This behavior, which has been observed a sufficient number of times to

establish statistical validity, is not understood. The Isc va]ues for 200 _m BSF
cells also degrade under this irradiation geemetry, but they retain their advantage

over the non-BSF cells over the entire fluence range. The Isc degradation curves
for both thicknesses of BSF cells appear to exhibit a plateau effect such that

after reaching a certain fluence, no further degradation will occur. For 200 _m_

cells, this plateau occurs at N 3 x i0II p/cm 2 and for the 63 _n cells, the plateau

is not fully developed, but appeaz_ to occur at slightly higher fluences.

The variation of Voc as a function of I MeV protons normally incident on the

rear cell surfaces is presented in figure 4. Negligibly small changes in Voc for

non-BSF cells were observed. However, dramatic reductions in the Voc values with

increasing fluence in 63 Nm BSF cells were noted and Voc _as reduced to less than
the corresponding Voc values of non-BSF cells after _ > 2 x i0II p/cm 2 .

Figure 5 gives the change in Pmax as a function of 1 MeV proton fluence

_cident normally on the rear surfaces. As for ]sc and Voc, the non-BSF cells do
not decFcade with fluence, but here that is only true for fluences less than

1 x l0 II p/cm 2 , after which they begin degradation. The Pmax degradation for 63 pm

BSF cells occurs at a more rapid rate than for any other cell type, and these cells

lose their power advantage over the 63 pm non-BSF cells after # > 2 x i0 II p/cm 2.

Figure 6 depicts the variation of Pmax as a function of fluence of 1 MeV

protons with omnidirectional incidence on the rear surfaces. Here there is no Pmax
degradation of cells without BSF, nor do the BSF cells degrade as severely as

observed for the rear normal incidence cases shown in figure 5. Also, the BSF

effect in 63 pm cells is preserved up through _ = 5 x 1011 p/cm 2.

The important point to be made here is that though significant improv_nent in

63 pm cell performance is achieved by using a BSF, it is totally reduced to less

than the non-BSF cell performance level after high fluences of low energy protons.

Fields in the thicker cells do not e_9/%ce the cell perfo_ir_nce q._ite as ir_rkedly

as they do for thinner cells, but the thicker cells retain some of their advantage
after irradiation to these .same levels.

_±_L fi_CULA"..'IONS

Front Surface Irradiations

Since the projected range of i MeV front s,Irface normally incident protons is

16.5 pm, we attempted to analyze the data by dividing the cell into two regions,

one inner irradiated region (16 pm thick) and the other consisting of a deeper non-

damaged region (184 _ thick). As a first approximation, we assumed that in the

damaged region only the minority carrier lifetime is uniformly degraded throughout

the 16 _m layer. We also assumed that with a proton fluence of I x 1012 p/cm 2,

heavy damage has been introduced at the end of the proton track and consequently
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for front surface irradiations, the BSF and non-BSF cells are similar. This

rationale appears to be acceptable based on the results shcm;n in figures 1 and 2.

The exl0erimental Isc and Voc values before .irradiation were fitted to the
standard solar cell equations (ref. 5) using suitable values for i0 ohm-cm silicon,

e.q. the diffusion constant D = 30 cm2/sec, the dopant concentration, NA = 1.3 x

1015 cm -3, and back surface recombination velocities, SB values of iO cm/sec and
108 cm/sec, for BSF and non-BSF cells respectively. Minority carrier diffusion

length (Ln) values of 600 Val were found to fit the pre-irradiation data for both
BSF and non-BSF cells.

Various calculations were made to fit the post-irradiation Isc and Voc values.

In these calculations, only Ln values for the inner layer were varied in order to

fit the data. The calculated Isc and Voc values were significantly affected only

when Ln values for the inner layers were made less than 16 _m. For both BSF and

non-BSF cells under normal incidence, Ln values of 4 _ml for the inner layer gave

good fits to the data, and Ln values of about 6 jim gave good fits to the
cm%nidirectional data.

It should be pointed out that if values of D, Ln, SB, and intrinsic carrier

concentration (ni), are varied, then several sets of these parameters could

conceivably give fits to the experimental data. This problem in the calculation

can be reduced by subdividing the damaged layer into multi-layers (refs. 6 and 7)

which take into account the non-unifoz_tity of proton irradiation, and assigning

appropriate parameters to each layer. However, such calculations are highly

cclnplicated and are not considered here.

Back Surface Irradiations

Figures 3 through 6 show that rear surface normal and omnidirectional protons

do not degrade non-BSF cells except for fluences greater than I x I0 I0 p/cm 2 at

normal incidence. As can be seen in Tables I and II, the fill factors (FF) of

these cells are significantly reduced after normal incidence irradiation of 1012

p/an 2 . This charge in FF could be due to an increase in dark saturation current in

the base, Iob, an increase in series resistance, Rs, or a decrease in the shunt

resistance, Rsh. Changes in Rsh and Iob will have a major effect on the

degradation of Voc and an increase in Rs will degrade Isc (ref. 5). Since

significant reductions in Voc are observed compared to those in Isc, it would

appear that major changes in Rsh and Iob are occurring. Also some increase in Rs

may be expected with such a high fluence due to majority carrier removal (ref. 8).

Iob will increase due to decreases in Ln and D due to radiation-induced defects.
Since the non-BSF cells are not degraded as badly as the BSF cells, we will focus

our attention on the degradation in the BSF cells.

Since the 1 MeV protons are stopping in the pp+ region, they will produce

maximum d_nage to the high-low junction. The energy levels and density of these

defects depend strongly on the fluence and irradiation configuration. Omni-

directional incidence protons will induce defects that are spatially smeared in the

entire BSF region whereas normal incidence protons will produce highly localized

large defect concentrations in the vicinity of the pp+ junction. Consequently, a

more defective BSF is produced by the normal incidence protons than by the cmni

protons. This is reflected in the experimental data of figures 3 through 6.

Attempts were made to explain the degradation of BSF cells using the existing

models (refs. 2 and 9). In the Sah model (ref. 9) the effects of defects

distributed in the bulk across the BSF are analyzed by using three regions in a

defective unit cell containing one defect. The width of the first region

surrottn_ing the defect is characterized by the distance-of-influence which is about

two diffusion lengths. The defect itself is characterized by three parameters,

namely, defect density, defect area and the surface recombination velocity at the
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defective area. The model _predicts very substantial degradation of Voc even if

there are only 40 defects/cm z (ref. g). If this would have been the case, then the

Voc values sho_n in figure 4 and the P_ values sho_a% in figures 5 and 6 would
have been rapidly degraded with fluences_ess than 1 x I0 II p/cm 2 . Since this is

not so, this model apparently over-estimates the cell degradation (ref. 2).

The other model is described in detail in reference 2. The ini0ortant finding

of this model analysis is that it is possible to have a fully effective BSF region,

regardless of the spatial distribution of the defective areas as long as the total

defective area is reduced below certain limits. A case of distributed defects

discussed in reference 2 closely matches the defect geometry induced in the BSF

region by low energy protons. Modifying eq. 8 (ref. 2) for the distributed defect

case to match the degradation in Voc by low energy protons in BSF cells, we obtain:

dVoc KT in __ Jscl ( S' + tanh d/Ln) -_= (i)

LJsc2 ( tanh d/L n + S' tanh 2 d/L n) J
where Jscl and Jsc2 are the short circuit currents of the BSF cells before and
after irradiation respectively and

S' = 5 x 106 F _f _ Ln (2)

f__] Dn

wb_re S' is a normalized rear surface recombination velocity, SB, f is the fraction
of the BSF area which is defective, and d is the cell thickness.

The change in S' as a function of _ can be calculated using equation (I) and

the corresponding value of f can then be obtained from equation (9). SB is given

t_] (ref. 2) :

where V is the carrier thermal velocity which for silicon is ~ 107 cm/sec.

Several runs were made using various values of Ln while holding D constant at
30 cm2/sec. Figure 7 illustrates the results of our model calculation where the

back surface recombination velocity plots as a function of proton fluence are given

for 900 _m and 63 _m BSF cells having _ = 800 and 600 _m respectively. As can be

seen, SB increases with _, and it increases at a different rate for normal
incidence than it does for omnidirectional incidence. These results clearly

demonstrate that as the BSF becomes defective, SB tends to increase. Thus the cell
performance which has been improved by using a BSF has been mostly degraded after

irradiation. In general, for a given fluence there is more increase in SB for rear

normal incidence than that for omnidirectional irradiation. SB values of 5.36 x
105 cm/sec and 1.07 x 104 cm/sec were calculated for 200 _m and 63 _m BSF cells

respectively after rear normal irradiation with _ = I x 1012 p/cm 2.

It is gratifying to find that such a simple model can provide quantitative

changes in the trend of SB as a function of fluence. However, to obtain an in-
depth understanding of damage mechanism of the BSF, the model would probably have

to be refined to take into account the leakage in the high-low junction, changes in

the recombination velocity at the pp+ junction, and the change in Ln in the p+

region with fluence. In addition it may be necessary to consider imperfections in

the A1 paste alloying, invpurities in the paste, and an imperfect A1 profile.
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CONCLUSIONS

Of the four radiation geometries observed, the front surface normal incidence

irradiation was the most effective in producing degradation in both thick and thin

cells with andwithout BSF.

No significant cell degradation was observed in either thick or thin non-BSF

cells when irradiated from the rear surface with 1MeV protons.

After rear surface normal and omnidirectional irradiation with fluences of 1

x 1012 p/cm 2, all the BSF cells degrade at a faster rate than cells without BSF.

However, the 200 _m BSF cells retain more absolute power t_an comparable non-BSF

cells, but 63 Dm BSF cells retain less absolute power than comparable non-BSF

cells.

A simple model was used to calculate the back surface recombination velocity

and explain the rear incidence proton irradiation damage in both thick and thin BSF

cells.

Additional rear surface irradiation experiments with the cells having BSF made

by boron diffusion, ion implantation and A1 diffusion coupled with a refinedmodel

which will take into account hlgh-low junction related device parameters will be

required to fully understand the defective BSF and its role, particularly in thin
cells.
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Table I. Light I-V Data (AM), 28° C) of 200 pm Thick SJl_con

Solar Cells Before and After i MeV Proton Irradiation

Irradiation BSF Fluence Isc Voc P-max
Configuration (p/cm 2 ) (mA) (mV) (mW)

Front Normal No 0 150.1 539.3 63.23

i x 1012 89.9 437.6 27.61

Yes 0 171.0 608.4 80.78

I x 1012 95.1 441.1 29.88

Front Omni No 0 150.9 538.2 63.15

1 x 1012 104.4 437.9 32.86

Yes 0 170.9 607.4 80.48

1 x 1012 113.1 440.4 35.94

FF

0.78

0.70

0.78

0.71

0.78

0.72

0.78

0.72

Rear Normal No 0 151.9 537.1 63.28

1 x 1012 150.0 524.0 54.45

Yes 0 173.5 605.8 80.99

1 x 1012 158.6 530.7 63.23

Rear Omni No 0 152.0 536.8 63.35

1 x 1012 151.4 535.3 62.86

Yes 0 171.7 606.4 80.62

I x 1012 159.4 542.1 67.23

0.78

0.69

0.77

0.75

0.78

0.78

0.78

0.77
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Table II. Light I-V Data (AMO,28° C) of 63 ]an Thick Silicon
Solar Cells Before and After i MeV Proton Irradiation

Irradiation BSF Fluence Isc Voc Pmax

Configuration (p/cm 2 ) (mA) (mY) (mW)

Front Normal No 0 144.5 509.9 56.43
1 x 1012 96.3 434.1 28.43

Yes 0 161.2 600.2 72.53

1 x 1012 95.8 434.5 28.59

Front Omni No 0 144.9 510.3 56.68
1 x 1012 107.7 435.2 33.60

Yes 0 160.2 600.3 72.33

1 x 1012 iii.0 436.5 34.97

0.77

O. 68

0.77

0.69

0.77

0.72

0.75

0.72

Rear Normal No 0 143.6 511.5 56.03
1 x 1012 138.9 493.2 46.13

Yes 0 161.7 597.9 72.29

1 x 1012 133.9 485.5 43.97

Rear 0mni No 0 144.7 511.3 56.09

1 x 1012 142.2 506.5 54.31

Yes 0 160.5 601.5 72.41

1 x 1012 137.8 504._ _ :

0.76

0.67

0.76

0.67

0.76

0.75
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EFFECT OF 1.0 MeV ELECTRON IRRADIATION ON SHUNT

RESISTANCE 1N Si-MINP SOLAR CELLS*

Wayne A. Anderson and Sonali Banerjee

State University of New York at Buffalo

Amherst, New York

Shunt resistance from i00 K-400°K is compared for diffused and

ion-impl_nted cells, before, and ,after irradiation. Rsh decreases from
>I079_-cm for T<250°K to 104_-cm 2 at 400°K for non-irradiated diffused

cells. Electron irradiation causes a more rapid decrease in Rsh for

T>250°K. Ion-implanted cells exhibit a similar trend except that Rsh
is significantly less for T<250°K and is more sensitive to irradiation

at these low temperatures. The mechanism of Rsh appears to be a
combination of multistep tunneling and trapping - detrapping in the
defect states of the semiconductor. Radiation serves to increase the

density of these states to decrease Rsh.

IN TRODU CT ION

Metal-lnsulator-N + silicon-p silicon (MINP) solar cells are

basically a surface passivated cell offering high efficiency due to a

reduction in loss mechanisms such as surface recombination. This type

of cell now produces an efficiency in excess of 20% which makes it a

likely candidate for space applications. Thus, a study of radiation

effects becomes important.

This paper deals with the effects of 1.0 MeV electron irradiation

on the shunt resistance (Rsh) of MINP solar cells which has not

previously been well characterized. Since Rsh must be high to avoid

loss in efficiency, any decrease in high Rsh due to irradiation

becomes an area of _oncer-,, f_rv _e_,. _esio-o_-_,_ _ _=_ =_ _01_ 1_s __or space
applications.

EXPER IMEN TAL TE CHN lq U ES

MINP solar cell s were fabricated by ion implantation or

diffusion. Diffused junctions were formed in 0.1-0.3 _-cm, (100), p-

type Si using a Carborundum phosphorous solid source at 950°C for 5

minutes (ref. i). A junction depth of about 0.3 _m gave good UV

response. Figure i shows the cell structure which utilizes a reduced-

area AI ohmic contact, Yb-Cr-AI layered grid, and a single layer SiO

antireflection (AR) coating. Other cells were implanted through the

* Sponsored in part by Office
Contract No. N0001485K07 27.

of Naval Research
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courtesy of Mark Sp_;zer2of Spire Corp., with 5 keV phosphorous to a
dose of about 2.5xi0 J/cm. After annealing (ref. 1), the cells were

completed as described above. Total area efficiency up to 17% was

achi eyed.

w re irr@_ia_ed by Ii_01 _V electrons at fluenceSol ar cel I s
levels of ixl014/cm , Ixl0ZJ/cm _, and 0 /cm 2. Standard measure-

ments were made of dark I-V, Isc-Voc, spectral response, diffusion
length, and photovoltaic response at AMI.5 and AMO using an ELH lamp

source. In addition, Rsh was determined by low voltage dark I-V data
or low illumination I -V date (ref. 2) from I00 K to 400 K. A

8C OC
liquid nitrogen cryostat was utilized for refrigeration and a Keithley

Model 480 picoammeter for measuring low current values.

EXPERIMENTAL DATA

Photovol taic data for a diffused MINP cell, edge-exposed

implanted cell, and non-passivated implanted cell are given in Table

I. The diffused cell gave the highest value of Rsh before and after
irradiation. It also suffered a greater loss in PV data since it was

more finely tuned in the initial design. Previous studies (ref. 3)

show MINP cells to outperform N+-P cells for electron fluence levels

<ix1015/cm 2. The lower Rsh for implanted cells indicates effects of

bulk damage from the implantation.

Figure 2 shows R for the diffused cell with temperature as a
Snh 0 °

variable. Rsh is i dependent of T for T<25 K and decreases

thereafter. Irradiation causes a more rapid loss in Rsh at increased

T. Implanted cell data of Figure 3 indicate Rsh to "_ecrease with
increased T for T>I00 °K. Again, irradiation served to further reduce

Rsh. Shunt current (Isb) was seen to depend linearly upon voltage and
super-linearly upon radiation fluence as seen in Figure 4.

DIS CUSS ION

A number of observations

compared to a theoretical model.

regarding Rsh may be listed and

I) Rsh of diffused cells is greater than for implanted ones.

This suggests remaining implantation damage after annealing.

after 2) Rhshi is independent of temperature below a threshold (T t)
whi "t decreases rather rapidly with T (ref. 2).

3) Shunt current (Ish) is linearly dependent on voltage but
increases with T in a super-linear fashion (ref. 2).

4) Electron irradiation causes a decrease in Rsh below T

little change in Tt, and a superlinear increase in Ish.
t '

A previous publication (ref. 2) explained temperature dependence

of Rsh by examining the influence of defect states on a captured
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carrier. A carrier may traverse the space charge region via multistep

tunneling which explains the temperature independence for T<T t.

Alternatively, Rsh may be due to thermal re-emission, the probability

of which increases at increased temperatures. The following equations
then prevail (ref. 4) :

Nt(T)=NtoeXp[-A exp(-E/kT)]t (I)

where Nt(T) = # carriers trapped

Nto = initial # trapped carriers

E = energy of the state.
t = time

Also, A = Nef f SVth (2)

where Nef f = density of states
S = capture cross section

Vth = thermal velocity

Conductivity due to released trapped charge is then given by

Ao = ANt(T)qA v (3)

These equations predict an increase in free carriers above a

certain threshold temperature. This increase is dependent upon the

defect energy level, defect density, capture cross section, and

temperature. Linear dependence on voltage satisfies V--IR. A super-

linear dependence of Rsh and Ischr on temperature fits equation i. The
rapid increase of Ish and d ease in Rsh with electron fluence
indicates the role of defects introduced by irradiation and enforces

the original premise that Rsh arises from defects in the bandgap.

i)

2)

3)

4)
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TABLE I

Photovoltaic Data Before and After Irradiation

by 1.0 MeV Electrons to 1016/cm 2

Voc(V) Jsc(mA/cm2) d) Shunt Resistance e)(__ cm 2)

Sample Before After Before After Before After

I a) 0.632 0.494 43.1 19.7 8.4 x 106 9.3 x 105

2b ) 0.608 0.506 40.8 23.8 5.0 x 10 4 1.6 x 10 4

3c ) 0.626 0.489 42.9 25.7 2.4 x 105 1.2 x 105

a) Diffused MINP cell with diffusion performed through a window in

the oxide. Area = 2.0 cm 2.

b) lon-implanted MINP cell where junction edges are exposed.

Area = 2.1 cm 2.

c) lon-implanted without passivation.

Area = 4.0 cm 2.

d) Illuminated at 135 MW/cm 2

e) @ 300 °K.
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RADIATION DAMAGE OF GALLIUM ARSENIDE PRODUCTION CELLS

N. Mardesieh, D. Joslin, J. Garlick, D. Lillington, M. Gillanders, B. Cavicchi

Spectrolab, Inc.

Sylmar, California

and

J. Scott-Monck, R. Kachare, and B. Anspaugh

Jet Propulsion Laboratory

Pasadena, California

In 1985 a process for l_nufacturing gallium arsenioe solar cells by Liquid Phase

Epitaxy (LPE) was transferred from Hughes Research Laboratories, Malibu to Spectrolab,

Inc. The process, involving the growth of GaAs and AIGaAs from a super cooled liquid

gallium semi-infinite melt has been described elsewhere (Reference I) and will not be

repeated here. Existing facilities allow the fabrication of up to 15,000, 2 cm x 4

cm (or equivalent area) GaAs cells of 17% nominal efficiency with the provision for

rapld scale-up when required•

In a joint study witn Jet Propulsion Laboratory (JPL) we have irraoiated high

efficiency LPE GaAs cells made on our manufacturing line with 1 _V electrons up to

fluences of Ixl016 cm -2. _leasurements of spectral response and dark ana illuminated

I-V data were maae at each fluence and then, using computer codes developed here for

our HP3000 "in-house" computer, we have fitted experimental data to our GaAs cell

models. In this way it has been possible to determine the extent of the damage, and

hence damage coefficients in both the emitter and base of the cell.

CELL DESCRIPTION

Cells manufactured for this test were produced on Spectrolab's GaAs LPE produc-

tion line. The cross-sectional view of the device is illustrated in Figure i, where

a nominal 300 _m substrate was used to produce a 7 _la buffer, 0.45 _m emitter and

0.4d _m window. The typical do_ant concentrations in the substrate, buffer and

emitter were 2x1018 Si/cc, 2x1017 Sn/cc and 2xlO 18 Be/cc respectively• The ohmic

contacts were made directly to the P- GaAs and N+ GaAs (substrate) for the front and

back respectively.

Typical production cells of !6.7% (AHO) average _ff_aiency, (22.6 mW/cm2), were

used in the radiation evaluation. Isc and Voc were nominally 28.7 mA/cm and 985 mV

respectively•

With the limited number of pilot runs which have been produced, the typical

electrical yield of devlces above 16.0% (average above 16.5%) was 75%. Figure 2 is a

composite graph of 5 lots manufactured over the period £rom July through September.

THEORETICAL BASIS FOR ANALYSIS

Computer models have been developed by Spectrolab for windowed gallium arsenide

cells (Reference 2). These can provide from basic cell parameters (see Table I) such

as diffusion lengths for carriers in the various cell layers, a prediction of cell

performance. These outputs give overall parameters such as Isc , Voc , Pmax, CFF, etc.,

as well as spectral response for cells, as functions of radiation damage. The models
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give the component spectral response due to window, emitter, junction and buffer as

well as the overall spectral response. A typical output is shown in Figure 3 for BOL

and for EOL (_ = IElb e/ca2). An important feature of the spectral analysis is that

at a wavelength of .5 _m the response is almost entirely due to the emitter. This

makes it possible to deduce the emitter damage coefficient separately from that in

the buffer. Then since the analysis gives the component ratios for the long wavelength

response (.88 _m) the .5 _m data can be used to find the emitter component at .88 _m

and hence to determine the buffer damage coefficient.

The modeling (as discussed in Reference 2) examines the effect of first diode

(diffusion limited behavior) and of the second diode (depletion layer recombination

limited behavior). The latter is important in high band gap cells such as gallium

arsenide. In addition to the obvious parameters Isc , Voc , etc., the model analysis

also gives the saturation currents for the first and second diodes (I01 and 102

respectively) as functions of the radiation damage.

TEST EQUIFHENT _qD SET-UP

The current-voltage (I-V) characteristic, as recorded for cells before and after

irradiation, was accomplished with the aid of a computerized data acquisition system.

The system acquires 300 data points, which are stored into memory and then manipulated

to produce the I-V curve, short circuit current (Isc) , open circuit voltage (Voc) ,

and maximum power operating point (Pmax).

The simulator used in this test is designated Spectrolab X-25. It's AMO inten-

sity was set using a GaAs encapsulated secondary standard 83-150 traceable to balloon

flown standard 8U-132. However, unirradiated sister cells to the ones tested were

measured before and after irradiation to verify simulator intensity. Irradiated

balloon flown standard 85-132 was also used to verify correct blue-red color ratio.

The sample temperature on the test block was held to 28 _ I°C by water cooling the

block.

The instrumentation used to measure the spectral irradiance of the simulator was

an Optronics Spectroradiometer with a Hewlett Packard _5 computer used for converting

detector current to irradiance values, and for system control. The lower and upper

limits of the range was 280 nm and 1050 nm, respectively. The slit width on the mono-

chrometer and the wavelength interval was 5 nm during both the calibration and the

actual scan.

Spectrolab has developed a computerized data acquisition system for dark I-V

measurement. The system based on a i0 bit D/A and A/D interface is driven by an

Apple lie computer and enables rapid I-V measurement to be made over six orders of

magnitude of current. Algorithms within the computer code a_low the determination

I01 , 102 and shunt resistance to be made and also a hard copy may be made on an HP

X-Y recorder. The system is bipolar, enabling forward and reverse measurements to be

made with ease.

Spectral response measurements were made by use of a computer controlled multi-

filter system. Twenty optical filters cover the expected cell response range with

"crowding" filters at crucial parts of the spectrum for gallium arsenide cells (.4 -

.5 and .8 to .9 Dm respectively). At each filter position many readings are taken

and averaged to increase accuracy and the system is calibrated by a sub-standard

silicon cell with a spectral range much greater than that of gallium arsenide. This

cell was calibrated against a silicon diode calibrated at Optoelectronics Laboratories
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and also had formed one of a group of cells circulated among various establishments

by Spectrolab in an attempt to standardize interlaboratory results. The system output

gives cell response in n_/mW and also the quantum efficiency at each wavelength. _n

integration procedure gives an estimate of Isc at /@iO from the spectral data and this

can be compared with Isc data from the AMO simulator.

RESDLTS

The cells used for irradiation were divided into four groups. The first group

were heid as standards and were not irradiated. The second group were irradiated to

1014, 9XiU 14, 2.UxlO 15 and 7xlU 15 e-/cm 2. The cells were tested at every level and a

few cells were held as controls at each level. The third group were irradiated to

9XI014, 2.0xlU 15 and 7xlO 15 e-/cm 2 for a total dosage of 9.9xlO15/cm2. Cells at each

dosage level w_re also held as controls. The fourth and final group were irradiated

to 7xi015 e/cm Z. The average P/Po' Jsc/Jsco or Voc/Voc o of the total starting group

were within _ 0.3% of the final diminished group receiving the total dosage.

Table 2 and Figure 4 represent the degradation of the average cell and typical

I-V curve for cells in group 2. This data is plotted in Figure 5 as a function of

fluence. Representative spectral response curves for the range of fluence are plotted

in Figure 6. Table 2 includes predicted values (in brackets) from the cell model

using the parameters of Table i.

From the response spectra of cells under the various fluences the variation at

certain chosen wavelengths was determined. The results are plotted in Figure 7 for

the wavelengths of .5 _m and .88 _m together with the overall Isc calculated from the

full spectral response. Also included is the plot for Isc taken from the X-25 simu-

lator measurements. These curves now have to be compared with those deduced from the

modeling. The main cell specifications are as in Table 1 but parameters such as

damage coefficients are varied to test fits with data. The broken curves in Figure 7

give the modeling curves for emitter and buffer damage coefficients of 3.5.10 -8 and

2.10-7/e respectively. A discussion of the comparative behavior is given below.

DISCOSSION

A_ shown Dy Table 2 the results of the 1 lleV electron irradiation tests can be

predicted by the model using appropriate damage coefficients for emitter and buffer.

We have chosen first to match these to prediction of Isc values which depend on the

_n_=l ="_f=n= _n_=_face velocity _+..................... emitter o_A window. The ,_e_ _ Voc values at

BOL are then too large but this is likely to be due to the fact that under the front

grid contacts which penetrate into the emitter much higher velocities occur. Computa-

tion then shows that under Voc conditions the experimental BOL value of Voc would be

obtained if the velocity averages 2.106 cm/s indicating much higher values under the
contacts.

From dark state current-voltage curves we have computed the second diode (deple-

tion layer recombination) saturation currents (102) as functions of damage. Initially,

for the model _arameters of Table I the value of I_9 is about 5-b.10 -II A/cm 2 and at

EOL (I0 i° e/cm z) it is about _-9.10 -10 A/cm 2 i.e. a_factor of 7 higher. The model

gives a BOL value of 5.10 -11 _/cm 2, close to the experimental value; at 1016 e/cm 2

fluence it is also about 7 times higher.

The extensive spectral response measurements in this work afford an opportunity

to test the model. The data in Figure 7 at .5um give the ab±lity to see damage in
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the emitter almost exclusively while the data at .8_m give the combined buffer,

junction and emitter effects. In this region the discrepancies between model and

experiment are evident. To match the .88_m values the damage coefficient for emitter

would have to be increased so much that the .5_m data would not correlate with the

model. TNere is clearly a situation here which needs to be followed up Dy model

review and by further, more detailed analysis of the spectral data.

In conclusion we have carried out extensive studies of the effects of 1 MeV

electron damage in gallium arsenide windowed cells. Overall the results are very
similar to those publishe_ earlier by Mitsubishi (Ke_erence 3) ana by hughes Kesearch

Laboratories (Reference 4). This is very significant since these devices were manu-

facturea by us and these companies at _ifferent times; only the LPE layer growth is

similar. We have extended diagnostics to include dark current-voltage curves and to

detailed spectral analysis. What has been revealed is that overall modeling is satis-

factory Out that there are significant and interesting discrepancies which demand

further attention.

Reference 1 - Mardesich, N. IEEE Proc. l_th PVSC, P.105 (19_5)

Reference 2 - Garlick, G.F.J. IEEE Proc. 18th PVSC, P.854 (1985)

ke_erence 3 - Kato, M. IEEE Proc. l_th PVSC, P.652 (I_85)

Reference 4 - Anspaugh, B. et al. Solar Cell Radiation Handbook 3rd Ed.
JFL Publication b2-O_ 19_Z
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TABLE 1

TYPICAL CELL PARAMETERS FOR MODELING OF CHARACTERISTICS

TO MATCH EXPERIMENTAL DATA

WINDOW LAYER

Thickness .5 _m

Diffusion length .2 _m

Diffusion coefficient .Z7cm2/s

Surface recombination velocity 106 cm/s

Doping concentration 2.1018/cm 3

EMITTER LAYER

Thickness .5 _m

Diffusion length 5 _/m

Diffusion coefficient 90cm2/s

Interface recombination velcity 3.105 cm/s

Doping concentration 2.1018/cm 3

BUFFER LAYER

Thickness 7 um

Diffusion length 2 _m

Diffusion coefficient 5 cm2/s

Doping concentration 2.1017/cm 3

DAMAGE COEFFICIENTS

Emitter 3-5.10-8/e

Buffer 1-8-I0-7/e
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TABLE 2

iscFLUENCE Voc Pmax

(e/cm 2) (mV) (mA/cm 2) (mW/cm 2)

FF

984 28.7 22.O

(lO00) (28.0) (22.8)

.800

1014

1013

3 x 1015

1016

948 27.5 20.9 .802

(992) (27.63) (21.86)

896 25.0 17.9 .800

(933) (25.77) (18.5)

863 22.7 15.4 .788

817 18.3 11.5 .769

(812) (18.14) (11.09)

*Bracketed values are model predictions

AVERAGE Voc , Jsc, Pmax, FF OF GROUP 2 GaAs SOLAR CELLS AFTER 1 MeV FLUENCE
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PERFORMANCE OF AIGaAs, GaAs, AND InGaAs CELLS

AFIER 1 MeV ELECIRON IRRADIATION

Henry B. Curtis and Russell E. Hart Jr.
NASA Lewis Research Center

Cleveland, Ohio

Electron irradiations (l MeV) were made on three different types of III-V

cells. AIGaAs, GaAs, and InGaAs cells with bandgaps of approximately 1.72, 1.43,

and l.l eV, respectively, were tested. All of the cells were concentrator cells
and performance data from l sun to beyond lOOx AMO were taken. The total l MeV
electron fluence was 3xlO 15 e/cm 2 with data taken at several intermediate flu-

ences. Cell performance is presented as a function of electron fluence for various

concentration ratios and two different temperatures (25 and 80 °C). Since these

three cell types are potential candidates for the individual cells in a cascade

structure, it is possible to calculate the loss in performance of cascade cells

under l MeV electron irradiation. Data are presented which show the calculated

performance of both serles-connected and separately connected cascade cells.

INIRODUCl ION

For many years concentrator photovoltaic (PV) systems have been under strong

consideration for use in space. The advantages of concentrator PV include higher

cell efficiency, better radiation resistance, and a cost effective way of using

advanced PV technology such as multijunctlon cells. Several optical designs are

being studied such as the minature Cassegrainlan system developed by 1RW (ref. l)

and the SLATS trough system developed by General Dynamics. Both designs utilize

small cells with illuminated areas that are a fraction of a square centimeter.

One of the concerns about concentrator PV Is the effect of particle radiation

on the cell performance at concentrated light levels. As part of an ongoing program

at NASA Lewis Research Center, we have irradiated several types of concentrator

cells with l MeV electrons and measured the performance degradation. Results for

several GaAs cells were presented at the 18th IEEE Photovo!ta!c Specialists Confer-

ence (PVSC)(ref. 2). The results presented here are for AiGaAs, GaAs, and inGaAs
cells irradiated with l MeV electrons to a fluence of 3xlO 15 e/cm 2. Results are also

given for the calculated performance of multljunctlon cells under l MeV electron
irradiation.

CELL DESCRIPTION

All the cells used in these irradiations were made by Varlan. The bandgaps

were 1.72 eV for the AIGaAs cells, 1.43 eV for the GaAs cells, and l.l eV for the
InGaAs cells. The cells are all OM-VPE grown with an appropriate AIGaAs window.

lhe AIGaAs cells were n/p while the GaAs and InGaAs cells were p/n. The GaAs cells

had a junction depth of 0.5 _m, and the AIGaAs and InGaAs were about the same.
lhere were a minimum number of cells available for this effort and some care should

be taken in analyzing the data. lhere were four GaAs cells irradiated along with
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two each of the AIGaAs and InGaAs cells.

diameters is given in table I.
A summary of cell bandgaps and illuminated

EXPERIMENIAL DESCRIPI ION

All small area concentrator cells were individually mounted in separate cell
holders. For the GaAs and AIGaAs cells, the holders consisted of a small bottom

metal base and a washer-llke metal top with a beveled hole slightly larger than the

illuminated area of the cell. These two pieces supplied both a permanent support
for the cell and an area for the four-wlre electrical attachment. There was no

soldering or welding of any contact to any cell. The InGaAs cells were mounted in

Varlan holders with top contacts attached directly to the outer busbar. The cells

remained in their holders throughout all electron irradiations and performance mea-
surements. There were no cover glasses attached to the cells, nor was there any

shielding by optical elements during the irradiations.

Electron irradiations using l MeV electrons were performed at the NASA Lewis

dynamltron and at the Naval Research Laboratory (NRL) Van de Graff generator. The

cells were irradiated to a total fluence of 3xlOl5 e/cm2, with performance mea-

surements made at several intermediate fluence levels. The performance measurements
consisted of the following:

l) Current-Voltage (I-V) data at 25 °C and l AMO using an X-25 xenon solar
simulator and a reference cell.

2) I-V data at 25 °C at several concentrations up to lOOx AMO and above using
a pulsed xenon solar simulator and the linear assumption between
Irradlance and short-clrcult current.

3) Short-clrcuit current data at one fixed concentration at both 25 and 80 °C

in order to set the current scale at the elevated temperature.

4) I-V data at 80 :C at several concentrations as in step 2.

During I-V measurements the cells in their holders are mounted to a

temperature-controlled block. The concentration level on the cell is varied by
changing the distance from the light source and by using a Fresnel lens. Since the

duration of the light pulse from the flash simulator is Just 2 msec, there is no

heating effect from the concentrated light. The elapsed time at 80 °C was about

30 mln for each cell. Several repeat measurements were made at l sun and 25 °C

after the elevated temperature measurements, in order to determine if any annealing
had taken place.

RESULTS AND DISUSSION

lable II shows the average starting electrical parameters (before electron

irradiation) for the three different cell types. Data are presented for lOOx con-

centration levels at both 25 °C and 80 °C, and at AMO 25 °C. At the lOOx concentra-

tion level, the cells show excellent efficlencles with the GaAs cells averaging

over 21 percent at 25 °C and 20 percent at 80 °C. At l sun, the efflclencles were

somewhat low because of shunting effects, which are unseen at the normal operating
concentration levels.
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Tables III, IV, and V show the ratios of short-clrcult current, open-clrcult
voltage, fill factor, and maximum power after irradiation to the unlrradlated values
for several fluence levels at three different measurement conditions. Table III

shows data for 25 °C at l sun, while tables IV and V show data for IOOx concentra-

tion at 25 °C and 80 °C respectively. The ratios for short-clrcult current at 25 °C
are the same for both solar irradiation levels because of the linear current-

Irradlance assumption. The tables indicate that the bulk of the degradation is in
the current with much smaller degradation in voltage and fill factor.

Figure l shows plots of normalized maximum power as a function of l MeV elec-

tron irradiance for the three cell types at 25 °C and lOOx AMO. lhe InGaAs cells

show more degradation at the higher fluences than the AIGaAs or GaAs cells. It is

difficult to draw conclusions from these curves because they are based on a small

number of cells (two each of AIGaAs and InGaAs and four of GaAs). However there

may be a trend of more radiation resistance with increasing bandgap. If so, this

would be beneficial for multljunctlon cells where the higher bandgap cells produce
more of the power. Figures 2, 3, and 4 show similar data for short-clrcuit current

(Isc), open-clrcuit voltage (Voc), and fill factor respectively, lhese curves
show the major drop in power is due to loss of current as the l MeV fluence level
increases.

Figures l to 4 show data taken at 25 °C. Typical operating temperatures on

concentrator cells in space will be dependent on orbit, concentration level, cell

size, and concentrator design. During this investigation data were taken at 80 :C,

which would be a typical operating temperature. Figure 5 shows normalized maximum
power at lOOx AMO for the AIGaAs cells as a function of l MeV electron fluence for

two temperatures, 25 °C and 80 °C. lhe difference between data at the two temper-

atures is not that large. From tables IV and V, the spread in degradation between

25 °C and 80 °C for GaAs cells is smaller than the AIGaAs spread in figure 5, while
it is a little larger for the InGaAs cells.

A!! the data presented have been for individual cells and are actJa! measJred

data. Since we have data for cells of different bandgaps, we can calculate the

performance of multijunction cells under l MeV electron irradiation. The AIGaAs/

InGaAs pair is a good candidate for this calculation since the bandgaps, I.12 eV

and l.l eV, are near the ideal pair for optimum multijunctlon performance. When

the AIGaAs and InGaAs cells are operating as a multljunctlon cell, the bottom cell

(InGaAs) is filtered by the AIGaAs cell and has less sunlight incident upon it.

Since the bandgaps are near optimum for a serles-connected multijunctlon cell, we
reduced the Irradlance on the bottom cell until the currents matched at the unirra-
diated fluence level. With lOOx concentration on the AIGaAs cell, we had about 56x
on the InGaAs cell. Since data were taken at several concentration levels at 25 °C
at each fluence, we can readily obtain data for the InGaAs cell at 56x for all flu-
ence levels.

Figure 6 shows normalized maximum power for the top AIGaAs cell and the
"filtered" bottom InGaAs cell as a function of l MeV electron fluence, lhe curves

are normalized to l for the top ce11. Note that although the two curves look paral-

lel, there is a much greater percentage drop for the InGaAs bottom cell as fluence

increases. Figure 7 is a similar curve showing short-clrcult current for the AIGaAs

top cell and the "filtered" InGaAs cell. For the current data, the two curves

diverge a large amount while starting at the same value at zero fluence.
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lhere are two cases of multljunction cells of interest. One is the separately
connected or 4-termlnal structure, and the second is the serles-connected structure.
In the separately connected case, the performance of the multljunctlon cell can be
calculated just by adding the maximumpowers of the individual cells shownon
figure 6. The series connected structure requires adding actual I-V curves in
series. In this case, if the currents are mismatched, the output power will be
less than the simple sumof the individual cell powers.

The diode equation was used to obtain I-V curves for the series connected case.
lhe llght-generated current was set to the desired short-clrcuit current while the
coefficients of the injection term and space-charge recombination term were varied
to match Voc and fill factor. A series resistance of less than .05 ohm-cm2 was
used. Wewere than able to calculate an entire I-V curve to match any set of param-
eters. In order to add I-V curves with different currents, a reverse characteristic
is required. For this work we assumedthe curves broke downbetween -2 and -3 V.

Figure 8 showsthe calculated degradation in maximumpower (Pmax) for both the
series-connected and separately connected (four-termlnal) multijunctlon cells under
l MeVelectron irradlance, lhe operating conditions are 25 °C and lOOx AMOincident
on the top cell. Wealso show the individual curves for the top AIGaAsand the
"filtered" bottom InGaAscells. Note that for very low fluences, the difference
between series and separate connections is quite small. Howeveras the currents of
the two cells diverge at higher fluence levels, the series connected case falls to
a point where the multijunctlon cell delivers less power than a bare AIGaAscell
would. This is due to the limiting action of the large current mismatch between
the two individual cells.

lhe results of figure 8 indicate that for hlgh-radiation missions, it may be
necessary to use the separately connected version of multlJunction cells because of
the problems created by current mismatch. For shorter missions in a low radiation
orbit, the series connected version would perform Just as well as the four-termlnal
case. It must be noted that this work is based on l MeVelectron irradiations only
on a small numberof cells. Further work is required to more completely investigate
the radiation performance of multljunctlon cells.
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IABLE I. DESCRIPTIONOFCELLS

Cell type Bandgap,
eV

AIGaAs 1.72
GaAs 1.43
InGaAs l.lO

Diameter,
mm

6.3

4.0
6.3

TABLE II. - INITIAL I-V DAIA

Short-clrcult

current/cm 2,
A

Open-clrcult

voltage,
V

Fill

factor
Efficiency,

percent

lOOx AMO, 25 °C

AIGaAs 1.996 1.376 0.836 16.9

GaAs 3.174 1.143 .792 21.2

InGaAs 3.580 .859 .794 18.1

lOOx AMO, 80 °C

AIGaAs

GaAs
InGaAs

2.069

3.309
3.648

1.264 0.802
1.059 .772

.774 .775

AMO, 25 °C

15.5

20.0

16.2

AIGaAs

GaAs

InGaAs

19.96 x 10 -3
31.74
35.80

1.200

.898

.613

0.772
.762
.655

13.7
16.0
10.6
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TABLE III. - RAIIOS OF IRRADIAIED TO INIIIAL VALUES FOR

SEVERAL l MeV ELECTRON FLUENCES A1 25 °C and IX

Fluence

level,
e/cm2

Short-clrcult

current

Isc

Open-circult

voltage

Voc

Fill

factor
Power

Maximum

AIGaAs

IxlO 13

3xlO13

IxlO14

3xlO14

IxlO 15

3xlO 15

1.002
.998

.993

.968

.909

.821

0.998

.999

.997

.987

.938

.938

1.005

1.008

1.003

1.003

.986

.971

1.007
1.007

.993

.959

.868

.747

IxlO 13

3xi013

IxlO14

3xlO 14

IxlO15

3xlO 15

GaAs

0.989
.978
.965
.927
.875
.776

1.002 1.000
.994 1.009
.993 1.007
.977 1.011
.957 1.020
.928 1.036

0.991

.981

.965

.923

.860

.750

InGaAs

IxlO 13

3xi013

IxlO 14

3xi014

IxlO15

3xlO 15

0.974
.973
.942
.879
.687
.460

1.006
.999

.989

.980

.929

.857

0.995

.996

.995

.998

.995

.989

0.976

.969

.929

.860

.637

.393
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IABLE IV. - RAIIOS OF IRRADIAIED I0 INIIIAL VALUES FOR

SEVERAL 1 MeV ELECIRON FLUENCES A1 25 °C and lOOx

F!uence I

level,
e/cm 2

Short-clrcu!t
current

Isc

Open-clrcuit

voltage

Voc

AIGaAs

Fill

factor

Power
Maximum

IxlO 13
3xlO 13
IxlO 14
3xlO 14
IxlO 15
3xlO 15

1.002

.998

.993

.968

.909

.821

0.987

.988

.983

.979

.963

.948

GaAs

0.990 0.979

.977 .966

.975 .953

.963 .913

.969 .849

.938 .730

IxlO 13
3xi013
IxlO14
3xi014
IxlO15
3xi015

.989

.978

.965

.927

.875

.776

.991

.975

.954

.925

.893

.859

1.010
1.029
1.030
1.027
1.033
1.029

.989
.978
.947
.881
.807
.687

InGaAs

IxlO 13
3xi013
!x!O14
3xlO 14
IxlO15
3xi015

.974

.973

.g42

.879

.687

.460

.996

.998

.988

.971

.933

.889

.995

.997

.997

.994

.975

.953

.963

.968

.926

.847

.623

.389
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TABLE V. - RAIIOS OF IRRADIAIED TO INITIAL VALUES FOR

SEVERAL l MeV ELECTRON FLUENCES A1 80 °C and lOOx

Fluence

level,
e/cm 2

Short-clrcult

current

Isc

Open-clrcult

voltage

Voc

Fill

factor

Power

Maximum

AIGaAs

IxlO13

3xlO13

IxlO14

3xi014
IxlO15

3xi015

1.004
.996
.998
.977
.926
.839

IxlO 13

3xi013

IxlO 14

3xi014

IxlO15

3xlO 15

.988

.980

.965

.925

.872

.779

0.992

.994

.990

.983

.967

.943

0.991

.988

.983

.979

.970

.968

0.991
.982
.972
.943
.871
.767

GaAs

.992

.971

.947

.916

.879

.840

.999
1.015

1.024

1.036

1.025

1.020

.980

.966

.939

.871

.786

.670

InGaAS

IxlO13

3xlO13

IxlO14

3xlO14
IxlO15

3xlO15

.977

.976

.951

.899

.748

.527

.999

.998

.995

.981

.922

.884

.986

.986

.990

.985

.968

.946

.963

.963

.939

.870

.666

.441
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CALCULMIONS OF THE DISPLACEMENT DAMAGEAND SHORT-CIRCUIT CURRENT
DEGRADATION IN PROTON IRRADIATED (A]Ga)As-GaAs SOLAR CELLS

C.S. Yeh and S.S. Li*

University of Florida

Galnesville, Florida

and

R.Y. Loo

Hughes Research Laboratories

Malibu, California

A theoretical model for computing the displacement damage defect density and

the short-circuit current (Isc) degradation in proton-irradiated (AIGa)As-GaAs p-n

junction solar cells is presented in this paper. Assumptions were made with

justification that the radiation induced displacement defects form an effective

recombination center which controls the electron and hole lifetimes in the junction

space charge region and in the n-GaAs active layer of the irradiated GaAs p-n

junction cells. The degradation of Isc in the (AIGa)As layer was found to be

negligible compared to the total degradation. In order to determine the Isc

degradation, the displacement defect density, path length, range, reduced energy
after penetrating a distance x and the average number of displacements formed by one

proton scattering event were first calculated. The Isc degradation was calculated

by using the electron capture cross section in the p-diFFused layer and the hole

capture cross section in the n-base layer as well as the wavelength dependent
absorption coefficients. Excellent agreement was obtained between our calculated

values and the measured Isc in the proton irradiated GaAs solar cells for proton

energies of 100 KeV to 10 MeV and fluences from 1010 p/cm 2 to 1012 p/cm 2.

INTRODUCTION

Although a handful of publications on the study of radiation damage in
(AIGa)As-GaAs solar cells have been reported in the literature, there have been no

accurate models for computing the short-circuit current (Isc) degradation in the

proton irradiated (AIGa)As-GaAs p-n junction solar cells. Wilson et al. [1-3] first

proposed a simple model for calculating the Isc degradation in the electron and

proton irradiated GaAs solar cell. In their model they assumed that the radiation

induced displacements within the solar cells formed recombination centers for the

minority carriers produced by photon absorption. Yaung [4] modified Wilson's model

*lhls work was supported by Air Force Wright Aeronautical Laboratories under

subcontract through Universal Energy Systems Inc.
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including the wavelength dependent absorption coefficient of the GaAs cell.
However, both these models did not consider the reduced energy of an incident proton
after penetrating the (AIGa)As window layer, and hence the Isc degradation

calculated from these two models was found less satisfactory when compared with the
experimental data for the proton irradiated (AIGa)As-GaAs solar cells [5]. The
discrepancy found in both models is due primarily to the oversimplified assumptions
made by Wilson and Yaung in which the recombination cross sections for both p-type
and n-type GaAs were assumed equal and the empirical formulae for the path length
(P) and the range (R) of an incident proton in resting in the (AIGa)As and GaAs
solar cells were assumed the same. These assumptions are in fact not valid for the
proton irradiated GaAs solar cells considered in this paper.

In this paper, we present a more rigorous model for the displacement damage
calculations in the (AIGa)As-GaAs solar cells under normal incident conditions, and
show the correlation between the defect parameters and the Isc degradation for the

proton irradiated (AIGa)As-GaAs solar cells. To facilitate our study, the
experimental data on Isc degradation in proton irradiated (AIGa)As-GaAs solar cells

fabricated by Hughes Research Laboratories (HRL) were used for comparison with our
theoretical calculations.

EXPERIMENTAL DETAILS

Figure 1 shows the physical structure and dimensions of the (AIGa)As-GaAs solar

cells used in this study. The wide bandgap Be-doped AIo.85Gao.15As epi-layer was

grown by infinite solution liquid-phase epitaxy (LPE) with dopant density of 3-5 x

1018 cm-3 and used as a window layer to reduce the surface recombination at the

p-GaAs surface. During the window layer growth, a p-n junction was formed by Be
diffusion into the n-GaAs buffer layer. The hole density in the p-GaAs layer is

around 1018 cm-3. The Sn-doped n-GaAs buffer layer was grown on the n+-GaAs

substrate by LPE technique, which has an electron density of around 2 x lOl7cm -3.

The n-GaAs substrate was doped with tellurium with dopant density of 5 x 1017

cm-3. A thin window layer of less than 0.5 um thick and a diffused junction depth
of less than 0.5 um were used to ensure the low optical absorption loss and to
increase radiation hardness [6]. The n-GaAs buffer layer is I0 um thick. No cover
glass was used in this cell. AuZn ohmic contacts on the window layer were about 0.3
to 0.4 um thick with an Ag overlay of about 4 um. The n-substrate contact is AuGeNi
of about 0.5 _m thickness with silver overlay. The anti-reflection coating is

Ta205. The AMO conversion efficiency of around 16 to 17 percent was obtained for

(AIGa)As-GaAs solar cells fabricated under these conditions.

The solar cells used in this study were irradiated at room temperature by
protons with energies of 0.I, 0.2, 0.29, 2, 5 and I0 MeV and fluences varying from

I0 I0 to 1012 p/cm 2.
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THEORETICALMODELFOR Isc DEGRADATION

Displacement Damage

A solid may be affected in two ways by the energetic particle bombardments as

follows: [7]

(1) Lattice atoms are removed from their regular lattice sites, producing

displacement damage.

(2) The irradiating particle causes change in the chemical properties of the solid

via ion implantation or transmutation.

In the displacement model, it is assumed that the dominant defect produced by

incident protons is due to lattice displacement. Under this assumption, an atom

will be invariably displaced from its lattice site during collisions if its kinetic

energy exceeds the threshold energy (Td) for the atomic displacement to take place,

and conversely will not be displaced if its kinetic energy is less than Td [8]. We

assume that the transferred energy (T) to the atom which was struck is transformed

to the kinetic energy only. If T is sufficiently large (i.e., T >> Td), then

additional displacement can be produced by the recoiling nucleus before coming to

rest at an interstitial site. Therefore, for T > Td, the total number of

displacements produced by a normal incident proton to the solar cell can be

calculated by using the expression

R

D(E o) : I N _VdR (1)
0

where D(E o) = number of displacement/incident proton,

Eo = initial energy of an incident proton,

N = number of atoms per unit volume of the solar cell,

= displacement cross section for energetic protons,

V = average number of displacements formed by one proton-scattering event,

R = range of the proton of energy Eo-

Since the mass of the proton is heavy, it is necessary to consider the multiple
scattering effect of the proton. Therefore, D(E o) with multiple scattering effect

is obtained by replacing R with path length P in Eq. (i). The difference however,
between the path length and range of a proton coming to rest in the GaAs cell is
less than 5 percent for those protons with energies greater than one MeV. Thus, the
multiple scattering effect is important only for low energetic protons. The

empirical formulae for the path length, range and reduced energy (Ere) after

penetrating a distance x were obtained by fitting the data of Janni [9] as shown in

Appendix.

237



CALCULATIONS OF Isc DDGRADATION

The total Isc in an (AIGa)As-GaAs solar cell is equal to the sum of Isc in the

(AIGa)As window layer, p-GaAs layer and n-GaAs layer as well as in the depletion

region of the junction. Since the spectral response of the window layer is much

less than that of the whole solar cells [10] and the thickness of the window layer

is less than 0.5 um, it is reasonable to assume that Isc degradation of the window

layer is negligible compared with the total Isc degradation.

To derive an expression for the Isc in a proton-irradiated GaAs p-n junction
solar cell, the following assumptions are made: [1,11-13]

(1) radiation-induced defects do not alter the internal electric field,

(2) radiation-induced defects alter the cell performance mainly through change

of minority-carrier lifetimes in the bulk, and

(3) radiation-induced displacements within the solar cell form recombination

centers for the minority carriers of electron-hole pairs produced by

photon absorption.

The short circuit current, Isco for the unirradiated solar cell is given by:

t

Isco(_) : f nc(X) p (x,_) dx (2)
0

and for the damaged cell, the Isc can be expressed by [1, 4]

t

Isc(_ ) : f nc(X) [I - F (x)] p (X,X) dx (3)
0

The normalized Isc degradation can thus be calculated by using the expression:

_2 _2

Isc/Isco = f Isc(_) d_ / _ Isc,o(_) d_ (4)

where

F(x) : i - E2 [ J_ ar ¢ ID(Ex) - D(Exj)I], the recombination loss

coefficient

= exponential integral of order 2,

= capture cross section; for electrons and holes or

= proton fluence,

E2(z)

o r
is different,
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D(E) = total number of displacements calculated from equation (i),

Ex = reduced proton energy after penetrating a distance, x.

xj = junction depth,

p(x,_) = photo-absorption rate at depth x, p(x,_) = K _ exp(-_ x),

K : integrated photon flux in the absorption band,

= the absorption coefficient,

nc(X) = current collection efficiency,

Note that t is the thickness of the cell and _1 and _2 denote the short-wave and

long-wave limits of the total useful solar spectra for the GaAs cell (i.e. _I = 0.35

um and _2 = 0.9 um).

RESULTS AND DISCUSSION

The parameters involved in the Isc degradation calculations are absorption

coefficients of GaAs, current collection efficiency, electron and hole capture cross
sections, total number of displacement defects formed and fluences and energy of
protons. In order to calculate the total number of displacement defects, parameters
such as P, R and Ere of incident protons should also be calculated. In our computer

simulation, we have assumed that the absorption coefficient and current collection
efficiency of the GaAs cell remain constant after irradiation. Thus, according to
Eq. (3) it is obvious that the larger the recombination loss F(x), the smaller the
Isc, and the smaller the F(x), the larger the value of E2(z). Since the fluence of

a.u _f,_ total ,fu,,u_,_-- u, u, a_=,,,=,,_protons Lhruu i the _nLir_ GaAs is constant, s ,_
bound to the initial energy of incident protons, the values selected for electron
and hole capture cross sections are critical to the Isc degradation calculations.

The values of parameters used in our simulation are listed in Table I.

Since the Isc degradation in the (AIGa)As window layer is negligible, it is

reasonable to calculate the !sc degradation in the GaAs solar cell nnly. In our

simulation we first calculated Ere after penetrating the window layer. If the Ere

is equal to zero, then there is no damage to the GaAs solar cell. Otherwise, the
Ere would be applied as the initial energy of the proton for the GaAs solar cell.

According to our calculations, the proton would lose 50 KeV after penetrating a 0.34
_m thick window layer. Therefore, there is no damage to the GaAs solar cell if the
incident proton energy is less than 50 KeV. It is appropriate to use two different

recombination cross sections (i.e., _n in the p-region, and _p in the n-region of

the solar cell) for our computer simulation since the recombination mechanism in the

p-diffused region is controlled by the electron capture cross section and by the

hole capture cross section in the n-region. We have chosen the best value of 1.8 x

10-14 cm2 for the electron capture cross section in the p-region and 1.5 x 10-13 cm 2
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for the hole capture cross section in the n-region in our calculations. These
approximations are consistent with the fact that p-GaAs is more radiation hardness
than that of n-GaAs, as confirmed by the deep-level transient spectroscopy. [13]

Figure 2 shows the range of proton irradiated AIo.85Gao.15As-GaAs solar cells

as a function of proton energy. Since the thickness of the window layer is assumed
equal to 0.34 _m, for proton energies less than 50 KeV there will be no damage
created by these protons. The i00 KeV protons are stopped at about 0.8 um below the
surface, creating damage close to the junction. The 200 KeV protons penetrate
deeper into the GaAs cell and are stopped at about 1.34 um below the surface,
causing most of the damages throughout the junction. The 290 KeV protons are
stopped at about 2.0 um below the surface, producing damages to the bulk of the n-
GaAs layer. The one Mev protons are stopped at about I0 um which is equal to the
thickness of the cell. For proton energies higher than one MeV, protons will
penetrate the p-n junction cell, and hence create less damages to the cell.

It should be noted that the total number of displacement defects as shown in
Fig. 3 are obtained from Eq. (I) by integrating along the path length if the
multiple scattering effect is considered, and by integrating along the range if the
multiple scattering effect is excluded. Thus, the accurate empirical formulae of

path length and range for AIo.85Gao.15As-GaAs solar cells are important for

displacement defect density calculations. The reasons for using Janni's data [9]
instead of the data given by Andersen and Ziegler [14] are twofold: (I) data of
path length and range obtained by Janni are for GaAs instead of Ga and As elements,
and (2) data of range included high energy multiple scattering correction, and are
therefore applicable for proton energies above I00 KeV [9].

As shown in Fig. 4 the maximum Isc degradation was created by the 200 KeV

protons. The reason the 200 KeV protons create much more damage than those higher
energy protons is that most of the damages caused by 200 KeV protons occurred in the
junction and inside the active region of the n-GaAs layer. The solid dots shown in
Fig. 4 for proton energies of I00 KeV, 290 KeV, 2 MeV, 5 MeV and I0 MeV are the
experimental data for the proton irradiated (AIGa)As-GaAs p-n junction solar cells
and the solid curves are calculated from Eq. (4).

SUMMARY AND CONCLUSIONS

A rigorous model for computing the Isc degradations in proton irradiated

AIGaAs/GaAs p-n junction solar cells has been develop_in this work, and
calculations of Isc degradation in proton irradiated (AIGa)As-GaAs solar cells have

been carried out for proton energies From I00 KeV to I0 MeV and fluences from i0 I0

to 1012 p/cm 2. In addition, the empirical formulae for the path length, range,
total number of displacement defects formed and reduced energy after penetrating a
distance have also been derived for the proton irradiated (AIGa)As-GaAs solar
cells, The result shows that the Isc degradations increases with increasing proton

fluences. The results show an excellent agreement between our calculated values and

the experimental data for the Isc degradation in (AIGa)As-GaAs p-n junction solar

cells.
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APPENDIX

1. Empirical Formulae for Path Length and Range_

(i) AIo.85Gao.15As window layer:

p =

3.300891E 0"550212

10.79623 EI'163227

9.963561E I'1565366

E < 0.15 MeV

E _- 1.25 MeV

E _- 10.0 MeV

R _=

5.010253 E0"865712

10.31089 E1"257302

9.561796 E1"579760

E _- 0.175 MeV

E $ 1.500 MeV

E -_ 10.00 MeV

where P and R are in um and E is in MeV. Unless specify otherwise, the unit of

length is in um and that of energy is in MeV.

(ii) GaAs solar cell:

p

3.859312 E0"545909

11.85262 E1"135261

10.92040 E1"550638

E _- 0.150 MeV

E -_ 1.250 MeV

E _- 10.00 MeV

5.861370 E0"878671

11.23652 E1"243952

10.42719 EI"567030

E $ 0.175 MeV

E _- 1.500 MeV

E _- 10.00 MeV

2. Empirical Formulae for Reduced Energy

(i) A10.85Gao.15As window layer:

With Multiple Scattering_

Ere

= 0.00130 - 0.01750x + 0.22468x 2 - 0.10073x 3, Eo _ 0.1MeV.

= -0.01715 + 0.13045x - 0,00424x 2 + 0.000079x 3, Eo _ 1.75 MeV

= 0.85196 + 0.04353x - 0.000087x 2 + 0.000000095x 3, Eo _ I0 MeV

where Ere is in MeV; Eo is the initial energy in MeV, x is the distance in _m
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Without Multiple Scattering_:

Ere

= -0.00031 + 0.09588x + 0.159531x 2 - 0.120901x 3,

= 0.01389 + 0.13373x - 0.00462x 2 + 0.000091x 3,

= 0.67525 + 0.05087x - 0.000014x 2 + 0.000002x 3,

Eo -_0.1 MeV

Eo _-1.75 MeV

Eo $ 10 MeV

(ii) GaAs solar cell:

Multiple Scattering:

Ere

= 0.00131 - 0.014452 + 0.155159x 2 - 0.0557547x 3, Eo $ 0.1MeV

= -0.02554 + 0.11890x - 0.00346x 2 + 0.000059x 3, Eo $ 1.75 MeV

= 0.82870 + 0.04092x - 0.000076x 2 + 0.000000078x 3, E° _ 10 MeV

Without Multiple Scattering:

Ere

= -0.00027 + 0.08880x + 0.10807x 2 - 0.06943x 3, Eo _ 0.1MeV

= 0.01126 + 0.12242x - 0.00386x 2 + 0.000071x 3, Eo _ 1.75 MeV

= 0.85343 + 0.04137x - 0.000078x 2 + 0.000000081x 3, E° _ 10 MeV

Table 1. Input parameters for the calculations of the Isc degradation

of the proton irradiated (alGa)As-GaAs Solar Cells.

Cel I
d(_m) xj(_m) t(_m) Td(eV ) Z2 M2 On(Cm2 ) Op(Cm2)

(AlGa)As 0.34

GaAs 0.5 10 9.5 32 72.5 1.8x10 -14 1.5x10 -13
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M.B. Spltzer, C.3. Keavney, and S.M. Vernon

Spire Corporation

Bedford, Massachusetts

On-going development of indium phosphide solar cells for space applications is

presented. The development is being carried out with a view toward both high con-

version efficiency and simplicity of manufacture. The cell designs comprise the

ion-lmplanted cell, the indium tin oxide top contact cell, and the epitaxial cell

grown by metal organic chemical vapor deposition. Modelling data on the limit to

the efficiency are presented and comparison is made to measured performance data.

INTRODUCTION

The radiation sensitivity of space solar cells is a critical factor affecting

many aspects of space power system design, and improvements to end-of-life cell

efficiency offer numerous advantages in cost, weight and area. For the large power

systems anticipated for future space projects (ref. i), reduction of array area

may be particularly important, owing to weight and drag considerations, and to the

necessity of assembly and maintenance in space. This reduction of area is pos-

sih1_ if end-of-life efficiency c_ he increased=

Recently, Yamamoto et al. (ref. 2) have reported that indium phosphide (InP)

solar cells have remarkable radiation tolerance. Their results indicate that both

electron and x-ray damage are completely annealed at 100°C. A further important

result is that the radiation damage is annealed by minority carrier injection

(ref. 3,4). These cells would therefore seem to have considerable promise as a

new type of radiation-resistant space solar cell.

In the work to be reported here, our objective is first to reproduce the work

of Yamamoto et al., and then to examine the generality of the findings regarding

radiation tolerance. Our work is also carried out with a view toward high effi-

ciency, and with a secondary goal being the identification of useful manufacturing

techniques. The specific devices investigated by us are: (i) the ion-lmplanted

cell, (2) the indium tin oxide (ITO) coated cell, and (3) epitaxial cells formed

by metalorganlc chemical vapor deposition. By investigating three

* This work is funded by NASA contract NAS3-24857.
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manufacturing approaches, we intend to gain an understanding of the efficiency and

radiation tolerance for various cell structures, and hence the generality of the

findings of Yamamoto et al.

In this paper we will first present a review of our modelling of InP solar

cells; this modelling has served as a basis for both cell design and analysis of

loss mechanisms. We then present a description of our cell fabrication experi-

ments. At the present time, we have fabricated test solar cells and are working

on obtaining improvements in efficiency. Results obtained thus far will be

presented.

MODELLING

To identify a high efficiency cell design for InP, we utilized a solar cell

modelling code developed at Brown University (ref. 5). This code evaluates the

solution of the one-dimenslonal tlme-lndependent inhomogeneous diffusion equation.

This solution is integrated over the solar spectrum to determine the terminal

characteristics of the device.

The code is based on the partition of the cell into three regions: the

emltemitter, the space-charge region, and the base. The boundary conditions are

the conventional Boltzmann conditions at the edges of the space-charge region, and

the surface recombination velocity at the outside surfaces of the cell. The code

also calculates generation in the space-charge region.

A literature search was carried out to determine up-to-date input parameters

for the model. Optical data were obtained from reference 6. Data on the AM0

spectrum were obtained from M. Wolf (ref. 7). Mobility data were compiled from

various sources, and figure 1 indicates the values used in the modelling. Owing

to a lack of experimental data, it was necessary to assume that the minority

carrier lifetime is inversely proportional to the majority carrier concentration.

For a doping level of 2 x 1016 cm -3, this assumption yields an electron diffu-

sion length (Le) of about i0 micrometers. At the present time, our assumption

appears to be reasonable based on the dependence of lifetime upon doping in other

semiconductors. We also assume an emitter doping level of 5 x 1018 cm -3 and a

space-charge region (SCR) width of 0.25 micrometers. The junction depth is assumed

to be 0.2 micrometers. Other parameters used for modelling are provided in table I.

The model has been used to calculate the limit to the conversion efficiency as

a function of resistivity. Since the dependence of L e upon doping is not well

established, we varied L e over a wide range. The results of this calculation

are shown in figure 2. We also have indicated the efficiency for values of Le

consistent with the lifetime given by our assumption that lifetime is inversely in

proportional to carrier concentration; this result is shown as data points in the

figure. This assumption yields the dashed line in figure 2, which shows that the
optimum doping is in the range of 1016 cm-3 to 1017 cm -3. This range is

fortunately also approximately optimal for radiation hardness (ref. 8). For this
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cell structure, the upper limit to the AM0 efficiency is then 18% (including

8% shadow loss). If higher lifetime can be obtained, AM0 efficiency of up to 20%
may be possible.

We have also examined the importance of hole diffusion length (Lh) in the

n-type emitter, for a junction depth of 0.i micrometer. In this calculation, we

assume that in the base the acceptor concentration is fixed at 2 x 1016 cm-3.

The result of this calculation is shown in figure 3. It can be seen that if L h

can be increased, the upper limit to the efficiency approaches 22%.

The theoretical external quantum efficiency (QE) of InP cells has been investi-

gated to gain an understanding the way that L e and junction depth (xj) affect
the efficiency of non-ideal experimental cells. Although antireflection (AR)

coatings are necessary in the final cells, uncertainties in the optical properties

increase the difficulty of the modelling and analysis. For this reason, many of

our experiments involve non-coated cells. Therefore, in our QE calculations,

measured reflectance of non-AR-coated InP was used to facilitate comparison

of theory to actual cell data.

Figure 4 shows the calculated external QE as a function of Le. It can be

seen that varying L e between 1 and 9.5 micrometer has only a small effect; this

is a result of the fact that most of the current is generated in the emitter and

space-charge region. For example, if one assumes a junction depth of 0.i micro-

meter, one finds that a non-AR-coated cell with Le=9.5 micrometer should have

Jsc of 23.8 mA/cm 2. Of this total, only 5.8 mA/cm 2 is generated in the base.

The emitter generates 8.7 mA/cm 2. The width of the space charge region is 0.25

micrometer, and 9.34 _/cm 2 are generated within it. Thus, this modelling indi-

cates the need for high quality near-surface regions. We note that these tentative

findings are based on the optical data of reference 6, and that it would be desir-

able to obtain absorption data from crystals that are grown in the same manner and

doped as the solar cells being investigated here.

CELL FABRICATION EXPERIMENTS

Experiments have been carried out on the fabrication of cells. The three cell

designs are shown in figure 5. Note that the ion-implanted and iTO-coated cells

utilize llghtly-doped substrates whereas the epitaxial cell is grown on a p++

wafer, which has an orientation of 2 ° off <i00>. The final cell area in our

experiments is 0.5 cm x 0.5 cm.

Ion-Implanted Solar Cells

The use of ion implantation for junction formation in InP has received atten-

tion (ref. 9-14). Such junctions have been evaluated for application to cell

fabrication. Table 2 summarizes the process parameters investigated, as well as

the parameters that have yielded the best results thus far. The best parameters

shown in the table yield a sheet resistance of 500 ohms-per-square, Hall mobility

of 690 cm2/Vsec, and junction depth estimated to be 0.2 micrometers. We have
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investigated the use of C-V based junction profiling techniques, but at the pres-

ent the application to very shallow junctions appears to be unreliable.

Fabrication of cells comprises ion implantation and annealing as shown in

table 2. The wafers are then provided with front (Ge-Au) and back (Zn-Au) con-

tacts. A mesa etch is used to separate the junctions. Finally, a multilayer AR

coating is applied.

Characterization of the cells indicates that the primary loss mechanism in

most of the cells is space-charge region recombination (n=2 over four decades).

Quantum efficiency measurements indicate low blue response which may be attribut-

able to either space-charge region recombination or possible emitter recombination

(bulk or surface). Further experiments on junction formation are underway to im-

prove the dark characteristics of the device. Nevertheless, AM0 efficiency of over

13% has been obtained, as will be discussed in the next section.

ITO-coated Cells

The use of ITO as a top contact has recently gained attention, and highly

efficient cells have been reported (ref. 15). We have therefore investigated ITO

deposition by RF sputtering with a variety of process conditions. The best ITO

films are approximately 0.i micrometers thick and have sheet resistance of about

180 ohms-per-square. The absorption within the films is negligible in the range
of 500 nm to I000 nm.

Fabrication of cells begins with the formation of the Zn-Au back contact.

Next, the IT0 is deposited and front contacts are applied. A mesa etch is used to

separate the cells. Finally, if desired, a single layer of MgF is applied to
reduce reflection.

The best cells are presently characterized by low fill factor (FF) and low

open circuit voltage (Voc). The cause of the low performance has not been iden-

tified, but it is possibly the result of a high density of interface states which

could cause the device to perform as a Schottky diode. Further work in this area

is in progress.

Epitaxial Cells

We are presently investigating formation of both grown junctions and complete

cells by metalorganic chemical vapor deposition. For the grown junctions, we are

using <i00> lightly doped p-type substrates, and the desired resultant structure

is the same as is shown in figure 5a for the ion-implanted device. As in the ion-

implanted cell, a large fraction of the space-charge region is formed in the

starting wafer. We are also investigating the all-epitaxial cell shown in figure

5c, in which the emitter and base are formed in epitaxial material grown on a more

highly doped photovoltalcally-inactive substrate.
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The source gases for this work are (CH3)31nand PH3. N-type dopants
under evaluation are SIH4, H2Seand (CH3)4Sn. For p-type doping, we are
investigating (CH3)2Znand CP2Mg. The growth temperature is in the range of
600 to 650°C with a pressure of 76 torr.

The solar cell structures that have been investigated to date include thin
abrupt homojunctions, graded emitters, and high-low emitters. The highest Voc
has been obtained with thin homojunctions, but the best Jsc is obtained with the
high-low emitters. Further work is underway to better understand the performance
of the grown junctions.

CELL PERFORMANCE

We have fabricated cells with each of the processes and designs described

above. The ion-lmplanted cell has thus far yielded the best performance. The

best cells of each type are summarized in table 3. It should be noted that the

epitaxial cells are the results of our first cell fabrication run, and are rather

good for a first attempt.

The illuminated current-voltage characteristic for the best cell is shown in

figure 6. We have obtained AM0 efficiency of 13.3%. Voc is 807mV and Jsc is
29.6 m_/cm 2 . To understand the origin of the loss mechanisms, we measured the

dark log current-voltage and Voc-I sc characteristics, shown in figure 7. Anal-

ysis shows that the fill factor is limited in part by junction recombination

(n=l.7 at Vmp), and in part by series resistance. Calculations show that the ideal

fill factor is 86.2%; this is reduced to 82.6% by leakage current, and to 81.8% by

series resistance. The combined effects of series resistance and leakage reduce

the fill factor to 76.1%. If such effects could be eliminated, efficiency would
be raised to 15.3%. Examination of the data also shows that for this cell the

Voc is not limited by space-charge region recombination.

Measured external QE data are shown in figure 8. The low blue response indi-

cates that the recombination in the emitter and/or space-charge region is limiting

the Jsc- Development of improved epitaxial emitter structures is expected to

correct this problem.

CONCLUSI ON

The status of our InP solar cell development has been presented. Efficiency

of 13.3% (AM0) has been obtained and the manner in which greater performance could

be obtained has been reviewed. It is expected that by improving the minority car-

rier properties of the emitter and space-charge region, AM0 efficiency of 16% can

be achieved in the near future.
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TABLE i. MODEL INPUT PARAMETERS

PARAMET_ VALUE

Temperature, T

Intrinsic Concentration, n i

Donor Concentration, N D

Acceptor Concentration, N A

Electron Diffusion Length, L e

Hole Diffusion Length, L h

Electron Mobility

Hole Mobility

Input Spectrum

Shadow Loss

Reflection Loss

28°C

2.6x107 cm-3

5x1018 cm-3

2x1016 cm-3

9.5 _m

0.08 _m

3500 cm2/Vsec

60 cm2/Vsec

AM0, 135.3 mW/cm 2

8%

0

TABLE 2. DEVELOPMENT OF ION IMPLANTED JUNCTIONS

PROCESS PARAMETER RANGE INVESTIGATED BEST RESULT

Implant Energy (keV)

Implant Dose (cm -2 )

(Si,Se, S)*

Anneal Temp. (°C)

Anneal Time (min)*

Surface Protection

i0 to 50 i0

3xlO 14 to 1015 1015

700 to 800 750

i to 15 15

Flowing PH3, PSG, Flowing PH3

Si3N4, Silox

*Experiments in progress.
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TABLE 3. SOLAR CELL PERFORMANCE DATA FOR THE BEST CELL OF EACH TYPE

V J FF Eff
OC SC

Cell Type (mY) (mA/cm 2) (%) (%)

Ion-implanted 807 29.6 75.2 13.3

ITO-coated 689 19.7 62.0 6.2

Epitaxial 721 23.6 73.0 9.2

Notes: AM0, 135 mW/cm 2 . T = 25°C. Area = 0.25 cm2.

Figure 1.
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Figure 5.
INDIUM PHOSPHIDE SOLAR CELL DESIGNS. (a) Ion-implanted cell, (b)
Indium tin oxide coated cell, (c) Epitaxial cell.
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Lot: 60074-4842

Cell: 2£B

Area: 0.250 cm 2

Material: InP
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Figure 6. ILLUMINATED I-V CHARACTERISTIC FOR AN

HOMOJUNCTION SOLAR CELL (AM0, 135 mW/cm 2 )

ION-IMPLANTED InP
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COMPARAIIVE PERFORMANCE OF DIFFUSED JUNCIION

INDIUM PHOSPHIDE SOLAR CELLS

I. Welnberg, C.K. Swartz, and R.E. Hart, Jr.
NASA Lewis Research Center

Cleveland, Ohio

and

S.K. Ghandhl, J.M. Borrego, and K.K. Parat

Rensselaer Polytechnic Institute

Troy, New York

A comparison was made between indium phosphide solar cells whose p-n junctions were
processed by open tube capped diffusion, and closed tube uncapped diffusion, of
sulphur into Czochralski grown p-type substrates. Air mass zero, total area, effi-
ciencies ranged from I0 to 14.2%, the latter value attributed to cells processed by
capped diffusion. The radiation resistance of these latter cells was slightly bet-
ter, under 1 MeV electron irradiation. However, rather than being process depen-
dent, the difference in radiation resistance could be attributed to the effects of
increased base dopant concentration. In agreement with previous results, both
cells exhibited radiation resistance superior to that of gallium arsenide. The
lowest temperature dependency of maximum power was exhibited by the cells prepared
by open tube capped diffusion. The average value of dPm/dT, including cells of
both types, was found to be -(5.3± 1.2)xlO -2 mW/cm2 OK at 60oc. Calcu-
lated values if dVoc/dT were in reasonable agreement with experimental values.
However, contrary to previous results, no correlation was found between open cir-
cuit voltage and the temperature dependency of Pmax. It was concluded that addi-
tional process optimization was necessary before concluding that one process was
superior to the other.

INTRODUCTION

It has been demonstrated that n/p nu_uju,_ion'-".... _ :-_'um,,,u, _^_"<v,,u_v,,,desolar cells h_._:,,_
properties which make them excellent candidates for use in the space radiation
environment.l,2,3, 4 This follows from their excellent radiation resistance,
annealibility at relatively low temperatures and under the influence of light and
their potentially high efficiencies.l,5, 6 These desirable properties have served
as a stimulus for renewed InP solar cell research both in the USA and abroad.3, 4

However, due to the different ways in which results are reported, and the various
standards and light sources used in measuring cell performance it is difficult to
meaningfully compare the results emanating from different laboratories. 3 For
example, results appear in the literature quoting active area efficiencies and
under AM1.5, AM1 and AMO light intensities. For space use, the latter spectrum
with parameters reported in terms of total area has long been the sole accepted
mode for reporting cell performance measurements. In the present case we compare
the performance of indium phosphide solar cells processed by two different tech-
niques, in two separate laboratories. Performance data are obtained, in the same
simulator, under air mass zero conditions with efficiencies and current densities
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reported in terms of total rather than active area. Our interest lies in comparing
cell performance parameters of unirradiated cells and after exposure to 1 MeV
electrons and the variations in performance under varying temperature conditions.

EXPERIMENT

The diffused junction InP cells differed principally in the method of p/n junction
formation. Referring to Fig. I, the cells whose junction were formed by closed
tube diffusion (labeled J cells) were processed at the Nippon Telephone and Tele-
graph, Electrical Communication Laboratories in Ibaraki, Japan. / On the other
hand, the cells processed by open tube capped diffusion (labeled R cells) were pro-
cessed at the Rensselaer Polytechnic Institute. 8 In both cases, the starting
material was p-type, zinc-doped Czochralski grown indium phosphide, sulphur being
the n-dopant. Major cell fabrication details are shown in the figure. Additional
processing details can be found in references 7 and 8. All performance measure-
ments were carried out at NASA Lewis using an air mass zero X-25 zenon arc solar
simulator with a gallium arsenide solar cell used as a standard. The standard cell
was calibrated at air mass zero using the Lewis high altitude aircraft technique. 9

The cells were irradiated by 1 MeV electrons in the Naval Research Laboratories Van
De Graaf accelerator. Temperature dependency measurements on unirradiated cells
were performed in a nitrogen atmosphere using a variable temperature chamber into
which the X-25 simulator beam was introduced through a glass port built into the
side of the simulator.

RESULTS

The performance parameters of several R and J cells, determined at 25oc, are
shown in Table I. The efficiencies of 14.2% for R cells and 13.6% for the J cells
are the highest AMO, total area efficiencies, measured at 25oc, at NASA Lewis,
for these cell types. However, these are not the highest efficiencies obtained for
InP cells. For example, we have measured an AMO total area efficiency of 15.9%, at
25oc for a p+n InP cell whose junction was formed by OMCVD.I0 On the other
hand, AMO active area efficiencies of 18%, at 20oc, have been reported for a
p+-l-n cell also fabricated by OMCVD.II Since this latter cell had 10% front
grid coverage, the total area AMO efficiency at 25oc is calculated to be 16%. To
obtain this latter value at 25oc, we used the temperature correction factor
dPm/dT = -5.3 x 10 -2 mW/cm2 OK where Pm is cell maximum power output. This
numerical value is obtained in a following section of the present work.

Results of the 1 MeV electron irradiations are shown in Figs. 2, 3, and 4 for the
InP cells listed in Table II. Also shown are results for state of the art GaAs
cells, obtained from Varian. 12 Preirradiation cell parameters for the GaAs cells
are shown in Table III. Since these latter cells had efficiencies close to 20%,
they produce more output power over the present fluence range than do the InP
cells. However, when plotted on a normalized basis, in terms of preirradiation
output power, the InP cells exhibit greater radiation resistance. This latter
result is in agreement with previous results.l, 2
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DISCUSSION

From Fig. 2, the cells processed by open tube capped diffusion have slightly higher
radiation resistance, at the lower fluences, than the cells processed by closed
tube diffusion. However, one cannot state from these results that one specific
process inherently results in superior radiation resistance. This follows from the
observation that, in the present concentration range, radiation resistance in-
creases with base dopant concentration. 13

Considering the remaining cell performance parameters it is seen that, for irrad-
iated InP,the greatest drop occurs in Isc while for GaAs, the greatest drop occurs
in Voc as a result of the irradiation. This would tend to indicate that a decrease
in diffusion length with irradiation is a major factor in decreased output for the
InP cells while for GaAs, the change in dark current with irradiation appears to be
the major factor in decreased cell output.

Decreased cell output power with increasing temperature is an additional signifi-
cant loss factor. An example of the variation in cell output power with tempera-
ture shown in Fig. 5, while Fig. 6 graphically summarizes the variation in cell
maximum power, Pmax, with temperature determined for a number of R and J cells at
60oc. This temperature was chosen as representative of that experienced by solar
cells in low earth and geosynchronous orbit. Cell performance parameters for these
cells are listed in Table IV. From the table, the average value of dPm/dT for
these cells is -(5.3+1.2) x 10-2 mW/cm2 OK.

To consider temperature effects in greater detail it is convenient to express the
temperature dependencies of the cell performance parameters as relative variations,
using the expression 14

1 dPm = 1 dlsc + 1 dVoc + 1 dFF (I)
Pm dT Isc dT Voc dT FF dT

The temperature variation terms in the right hand side of Equation 1 are listed in
Table V In the past, the term in dVoc/dT was_found to be a major factor in the
variation of Pmax with temperature.14, 15 Hence, we examine this term in some
detail using the expression 14

dVoc = Voc-Eg(T) - 3k - _,T (T+28) + kT dlsc (2)
dT T q-- (T+O)2 I_c°_',dT

where k is Boltzmann's constant and q is the electronic charge with,

Eg(T) = the band gap at temperature T in electron volts

Eg(T) = Eg(O) - _T 2

(T+_)

Eg(O) = 1.421 electron volts

= 6.63 x lO-4 V/OK

(3)

= 552 OK
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It is noted here that, in reference 16, the value of _ is given as 162OK. How-
ever, this latter quantity yields the value 1.292 eV for Eg at 300OK rather than
the more correct value 1.351 eV. 16 The present value of _ used in Eq. 3 yields
the more correct bandgap value at 300OK.

Using the preceding set of equations, calculated values of dVoc/dT are found to be
in reasonable agreement with experiment (Table VI). The success of equation 2 in
predicting experimental values has led to the prediction of an inverse relation be-
tween Voc and the absolute magnitude of (I/Voc)(dVoc/dT). 14 From Fig. 7, it is
seen that the present data is in rough agreement with the preceding statement.
Also, if the term in dVoc/dT were dominant in Eq. I, then there should be an in-
verse relation between Voc and the magnitude of (I/Pm) (dPm/dT). 14 However, as
seen from Fig. 8, this is not the case for the present data. In fact, from the
data of Table V, one cannot generalize and state that for InP, the temperature
variation of any specific quantity is dominant in determing the temperature varia-
tion of Pmax. Noting however that the temperature dependencies in Table V are both
positive and negative, it is desirable that dlsc/dT be as large as possible while
the absolute magnitude of the negative terms in Voc and FF be as small as possible.

In general, the temperature dependence of Isc arises from the fact that diffusion
length increases with temperature while band gap decreases with increasing tempera-
ture, the net result being an increase in current. With respect to the temperature
dependence of Voc, from Eq. 2, it is seen that at fixed temperature, higher values
of Voc lead to the desired lower values in the absolute magnitude of dVoc/dT. In
this respect it is noted that, in Eq. 2, the term in dlsc/dT yields a relatively
small contribution to dVoc/dT the principal contribution arising from the first
term. The fill factor term in Eq. 1 is perhaps the most process dependent. Here
one would expect shunt (Rsh) and series resistance (Rs) to play significant roles.
However, a theoretical expression for dFF/dT is needed which includes the effects
of Rs and Rsh. 14 Aside from this, the factors operative in determining the tem-
perature dependencies of Voc and Isc are apparent from the preceding discussion and
warrant further consideration in attempts to reduce the temperature dependency of
Pmax.

CONCLUSION

In comparing the performance of these diffused junction cells one cannot conclude
that either process is preferable in terms of increased radiation resistance. Al-
though the cells prepared by open tube capped diffusion have slightly higher effi-
ciencies, as measured at Lewis, it is possible that neither process was optimized
at the time the present cells were processed. Hence a choice, based on efficiency,
would be premature. The greatest difference appears in the temperature dependency,
which favors the R cells. However the data is inconsistent in the sense that the
present results do not show the dependency of dPm/dT on open circuit voltage which
was observed in previous work. 14,15 In addition, the exact dependencies of the
temperature variation of fill factor on Rs and Rsh is unclear at present. Thus, in
summation, it can be stated that further efforts in both theory and experiment are
required before concluding that one process is preferable to the other.
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TABLE I

AMO PERFORMANCE PARAMETERS OF InP CELLS

T=25Oc

CELL CARRIER EFFICIENC? Voc Jsc FF

_(cm -_) (%) (mV) (ma/cm 2 ) (%)_

R-I 4.5XI 016 14.2 814 30.5 78.5

R-2 9.0XIO 16 1 3.7 825 28.8 79.1

R-3 4.5XI016 12.9 815 26.3 82.6

J-I 5.0Xl 01 5 13.6 826 27.6 81 . 8

J-2 5.0XI 01 5 1 3.3 823 28.0 79.0

J-3 1 .OXIO 17 10.05 812 22.6 75.1

TABLE II

PRE-IRRADIATION InP SOLAR CELL PARAMETERS

T:25°C

CELL CARRIER EFFIC!ENCY Voc Jsc FF
CONC

( cm---m-_-3--) (%) (mV) (ma/cm 2 ) (%)

R-3 4.5XI016 12.9 815 26.3 82.6

R-4 4.5XI016 12.7 814 26.0 82.6

J-2 5.0XI 01 5 1 3.3 823 28.0 79.0

J-4 5.0XI ol 5 12.1 81 3 27.8 73.5
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TABLE III

PRE-IRRADIATION AMO PARAMETERS OF GaAs CELLS

T=25°C

EFFI Cl ENCY Voc Jsc FF

(mv) (ma/cm 2 ) (%)

19.6 1041 31.8 81.2

19.8 1044 32.1 81 .I

TABLE IV

PERFORMANCE PARAMETERS OF InP

T=60Oc

CELLS

CELL

R-5

R-6

j-5

J-6

J-7

J-8

CARRIER
CONC
c- 3)

45XlO 16

45XlO 16

50XlO 15

50XIO 15

I OXlO 16

1 OXlO 16

Pm

(mw/cm 2 )

1495

1553

16 Ol

1564

i245

1344

Voc Jsc

(mv) (ma/cm 2 )

741 25.62

749 27

751 29.6

767 25.9

725 24. "31

731 25.6

FF dPm/dT

(mw/cm 2 OK)

788 -3.13XI0 -2

-2
768 -4.86XI0

711
-2

-6.23XI 0

-2
789 -6.25XI0

69 5 SVl n-2-- AI _J

71 2 -6.3X10 -2
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TABLE V

TEMPERATURE VARIATION TERMS

T=60°C

CELL
1 dlsc 1 dVoc 1 dFF

Is----c tIT Voc dT FF dT

(°K-I)

R-5 12.6XI0 -4

R-6 6.25X10 -4

-4J-5 7.67Xio

-4
J-6 5.56XI 0

J-7 9.66X10 -4

-4
J-8 6.33XI0

(OK-I) (OK-I)

-3 12XIO "3 -3 71XlO -4

-3 IIXIO -3 -I 12XIO -3

-3 09XIO -3 -I 63XI0 -3

-2 88X10 -3 -I 24X10 -3

-3 28X10 -3 -I 35X10 -3

-3 37X10 -3 -2 39X10 -3

TABLE VI

CALCULATED AND MEASURED TEMPERATURE VARIATIONS OF Voc

T=60oc

CELL MEASURED

R-5

R-6

J-5

J-6

J-7

J-8

-2 31

-2 33

-2 32

-2 21

-2 38

-2 46

dVoc
dT

(mv/°K)
CALCULATED

-2 38

-2 39

-2 32

-2 34

-2 46

-2 45
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ITO/InP Solar Cells: A Comparison of Devices Fabricated by Ion-Beam

and RF Sputtering of the ITO

T.J. Courts

Solar Energy Research Institute

Golden, Colorado

This work has been performed with a view to elucidating the behavior of ITO/InP

solar cells prepared by rf and ion-beam sputtering. It is found that using rf

sputter deposition of the ITO always leads to more efficient devices than ion-beam

(IB) sputter deposition. An important aspect of the former technique is the exposure

of the single crystal p-InP substrates to a very low power plasma, prior to deposi-

tion. Substrates treated in this manner have also been used for ion-beam deposition

of the ITO. In this case the cells behave very similarly to the rf deposited cells,

thus suggesting that the low power plasma exposure (LPPE) is the crucial process

step.

Detailed analysis of the quantum efficiency of the cells shows that the LPPE

causes the formation of a very thin type-converted surface layer on the p-type

substrate, leading to a buried homojunction. These cells always had a much larger Voc

than the IB only cells, although the latter had a slightly larger Js A. The largest
J achieved for the IB cells (of area nearly I cm 2) is 27.7 mA cm _2 (total area,

2_C, 100mW cm -2, SERI/NASA direct normal spectrum). This is equivalent to 33.5 mA

cm -2 (total area 28°C, 137.2 mW cm -z, AMO WRRL-1985) which is, at the time of

writing, the largest yet reported for any InP based cell. However the largest Voc we

have achieved is only 802 mV (28 ° C, for one of the rf cells), which is much less

than should be expected for InP.

INTRODUCTION

Although the suitability of InP for solar cells has long been recognized, it has

largely been ignored by the research community (principally because of its relatively

high materials cost). In thin film form, where the cost considerations do not apply,

it has also been discounted as an absorber for terrestrial solar cells because of

unsolved problems of severe grain boundary recombination. The latter remains an

outstanding question; why should grain boundary recombination be so severe when

surface recombination is so minimal a problem? Hence, although InP has all the

properties required for the fabrication of efficient solar cells (Eg=1.35 eV, direct

band-gap and large absorption coefficient, low surface recombination velocity, and

acceptably long minority carrier diffusion length), it has only been investigated by

a relatively small number of research groups (I-5).

In recent years, however, this situation has begun to change, largely because of

the extraordinary radiation resistance and annealing properties which InP exhibits

(6-8). This has stimulated an appreciation of its potential for space applications

which in turn may cause renewed interest in thin film cells for terrestrial

application.

p-InP absorbers have been used with a variety of window-layers; e.g., with CdS

(I), ZnO (9) and indium tin oxide (ITO) (2) being the most commonly studied. On the

basis of elementary heterojunction design considerations, (lattice match, electron

affinity match, window layer transmittance etc), one would expect the CdS/InP

combination to have the highest efficiency of these three, whereas in practice it is

the ITO/InP cell which has this record (2). The reasons for this somewhat unexpected
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behavior have been the subject of considerable debate, and part of the objective of

this paper will be the elucidation of ITO/InP junctions for cells in which the ITO

has been deposited by either rf or ion-beam (IB) sputtering. This has established

that the former are actually extremely shallow buried homojunctions, whereas the

latter are more like true heterojunctions. However, it is concluded that in neither

case will efficiencies approaching theoretical values be achieved. Rather, further

advances will depend on optimizing the performance of n+-p-p ÷ cells, probably grown

by OMCVD on the p+ substrate.

EXPERIMENTAL

In this work, single crystal p-type InP has been used. The orientation was

<100>; the crystals were zinc do_d and two impurity concentrations were

investigated; these being NA-N D = 3xi0 Ib cm -3 (purchased from Crysta Comm Inc.) and
3xi015 cm -3 (MCP Ltd.)

Device fabrication followed the sequence below:

i) Contact formation - after cleaving the as delivered wafer into substrates of

approxim_-_ly-1--c_n -_ in area, the latter were chemo-mechanically polished with 0.25 _m

diameter AI 0 grit and 0 05 v/o Br: methanol After this procedure the surface was2 3 " "
examined elllpsometrically to check for residual roughness or contamination.

Generally, it was found that the surface gave ellipsometric data close to that

predicted for an ideal InP surface. Metal contacts were then deposited. In the work

reported here, the metallization was 200A of Zn (deposited by rf sputtering) followed

by 2000A of Au (deposited by thermal evaporation). The metallized substrate was then

annealed in flowing forming gas for about one minute at a temperature of

approximately 425oC. Contacts made this way tended to be somewhat variable and

alternative systems based on Au:Be and Ni/Au:Be are now being studied.

ii) Active surface cleaning - because InP selectively loses phosphorus at quite

low temperatures, it was always necessary to re-etch the front surface after contact

formation. This was done in exactly the same manner as described above.

iii) Deposition of ITO - the ITO was deposited either by rf sputtering or by ion-

beam sputtering. We have previously shown that exposure of the substrates to an

extremely low power rf plasma, prior to deposition of the ITO, led to a great

enhancement of device performance (10). To elucidate the effects of the low power

plasma exposure (LPPE) we have made three types of cell. Type I cells were made

entirely in the rf system. The ITO target was first sputter cleaned at full power

for about thirty minutes, with the InP substrates protected by a shutter. The power

was then reduced to a level at which no deposition was registered by a quartz crystal

monitor. The shutter was then opened and the substrates subjected to LPPE for a pre-

determined period. After this, the power was increased to give a rate of deposition

of about 0.3-0.4A s-I and a film of ITO about 650A grown. Type 2 cells were also

subjected to the LPPE but after this were removed from the rf system and transferred

to the ion-beam system for deposition of the ITO. Again, 650A of ITO was used. Type

3 cells were not subjected to LPPE and the ITO was deposited by ion-beam sputtering.

iv) Gridding - was carried out using the temporary grids described elsewhere

(11). The grids were electroformed from copper and were Au plated. They were held

in close contact with the ITO using Scotch Tape. Although almost laughable in its

lack of sophistication, this technique has proved remarkably successful as evidenced

by the high device efficiencies achieved. However, the shadowing loss of these grids

was 8-9% whereas recent calculations have shown that optimal grids would have shadow
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losses of about 3%.

later.
More recent work on the electroplated grids will be published

v) Device characterization - the J/V, C/V and quantum efficiency of all the

cells were measured. For efficiency measurements, standarized conditions of

intensity spectral content and temperature were used (total area 28°C, 100mW cm -2

SERI/NASA, direct _v_L._1 spectrum). The c/W,.measJrements w_._ .._m_ using a Hew!ett-

Packard LCR bridge (Type 4274 A) at a frequency of 100 kHz. Reverse biases up to 10V

have been used but were generally restricted to about 4V. The quantum efficiency

measurements were made as a function of reverse voltage bias and light bias. It is

the analysis of these measurements which will form the basis for most of the

subsequent discussion.

RESULTS

The performance characteristics of all sixteen cells are summarized in tables I

and 2; with the current/voltage characteristics of cells rf4 and IBI (60 mins. LPPE,

rf sputtered ITO; 0 mins. LPPE, IB sputtered ITO; respectively) being shown in Fig.

I. Cell rf4 had a value of Jsc = 27.7 mA cm-2 for the measurement conditions defined

above. Using the spectral response of this cell, it was calculated that the AMO

value of Js^ would be 33.5 mA cm -2 (using the total area of the cell = 0.981 cm 2,

28°C, 137.2_mWcm -2 AMO WRRL - 1985). Since these cells had a grid shadow loss of

about 8.5%, the actual active area current = 36.6 mA cm -2 which is to be compared
with the theoretical maximum of 41.82 mAcm -2.

The quantum efficiencies for cells rfl-4 are shown in Fig. 2 from which the

completely systematic improvement with increasing LPPE is evident. This, of course

is reflected in Jsc" Cells rf5-8 showed similar behavior although the optimum LPPE
was 30 mins.

It should also be noted that all the rf series cells had Voc _ 746 mV whereas
only those cells which had been rf plasma exposed, in the IB series, had relatively

large Voc. Cells IBI and IB5 which had not been plasma exposed had high currents but

low voltages. (Cell IB2 should not be included in this analysis since it was

accidentally exposed to the ion-beam prior to deposition of the ITO). These key

differences in the behavior of the two types of cell provide much information and
they will be discussed later.

Plots of I/C 2 _ V were also made and an illustrative example is shown in Fig.

3. The important feature to note here is that the IB cell gave nearly perfect

linearity for the entire range of biases used whereas the rf cell showed a

discontinuity. This behavior was typical.

DISCUSSION

It has previously been suggested that rf sputter deposition of any window layer

material onto p-InP causes type conversion of the surface (9) and, indeed, direct

evidence of phosphorus depletion has been obtained (12). In addition, "mixing" at

the interface has been observed (13), as has the in-diffusion of tin (14), and the

out-diffusion of dopants (15). Hence there are several processes known to take place

at, or near, the interface which could radically influence the behavior of the

cells. We believe that the larger values of Voc and the lower values of Jsc are
clear indications that the rf fabricated cells are buried homojunctions, while the IB

cells, with their slightly larger Jsc (for the unexposed devices) and much lower Voc ,
are probably heterojunctions.
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In the absence of interface recombination, the internal quantum efficiency of a

homojunction with disimilar diffusion lengths in the p- and n-regions, is

-_d -d/L -_(d+W)

e _Lpe p)_ (e )qin t = (I_-C_T-)- ( I-_L I+_L
p p n

(I)

where _ is the optical absorption coefficient, Ln and LD are the minority carrier
diffusion lengths, d is the thickness of the type-converted surface region, and W is

the width of the space charge region. At the short wave-end of the spectrum, where

is large, it is straightforward to show that

qint : exp(-_d)
(2)

provided that LD is very small; i.e., that the surface is essentially "dead". From

the measured reflectance spectrum of the cells we can calculate qint' and these data

can then be plotted in the form of _n qint -_ to obtain the thickness of the dead-

layer. An example of such a plot is shown in Fig. 4 and it should be stressed that

this technique worked only for the plasma exposed cells. IBI and IB5 did not exhibit

this behavior. In Fig. 5 we show the variation of the dead-layer thickness with

plasma exposure time for the eight rf series cells. The striking feature is that the

dead-layer decreases in thickness; monotonigally for the more lightly doped material,

and passing through a minimum for the 3xI0 Ib cm -3 material (the latter observation is

also reflected in the variation of Jsc with LPPE duration). The fact that cells rfl
and rf5 with no LPPE have the thickest dead-layers, and have relatively large

voltages, whereas cells IB and IB5 (also without LPPE) have no dead-layer and have

relatively low voltages, implies that most of the type-conversion mechanism takes

place in the initial stages of the ITO deposition by rf sputtering. Hence the LPPE

must somehow lessen the damaging effects of deposition, and we speculate that it

somehow causes migration of acceptor impurities to the surface (as observed by SIMS

(14)) which therefore makes the subsequent type-conversion of that region more

difficult. The out-diffusion of acceptor species would also create a very lightly

doped, graded sub-surface region which would have the effect of widening the space

charge. This would lead to improved quantum efficiencies at all wavelengths.

To check this model we have examined the variation of dead-layer thickness with

substrate impurity concentration. These data are shown in Fig. 6 for a fixed

duration LPPE. As predicted by the model, the dead-layer thickness decreases as the

impurity content of the substrates increase.

Finally, we have also made measurements of the dead-layer thickness as a

function of reverse bias for one of the rf cells. The data are shown in Fig. 7 where

d is plotted against W; the latter having been obtained from measurement of

capacitance as a function of reverse bias. We interpret the decrease of d with

increasing W as being due to the expansion of the space charge toward the surface of

the type-converted region (i.e., toward the ITO interface) as well as into the p-type

bulk. This, of course, also supports the homojunction model. If we assume that the

change in the space charge width is proportional to the square root of the impurity

concentration, then

(3)
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For a reverse bias of 10V. Ad = 80 A, AW _ 0.5 um, and INA-NDIR _ 3xi016 cm-3. We

have IND-NAI = Ixi020 cm -3. Dautremont-Smith et al have shown _ha_ deposition by rf

sputtering _f SiO 2 onto p-InP causes considerable disruption of the surface.
Measured in terms of an areal density, the damage was of the order of 1015 cm -2. If

expressed in terms of a volume density, this number would be about 1022 cm -3 which

could, therefore, be the donor concentration in the surface region. However, the net

donor concentration, IND-NAI, will actually be substantially less than this, due to
compensation by out-diffusion acceptor species, and a value around I020cm -3 would not

seem unreasonable, hence, it is believed that the benefits of the LPPE are due to

making the surface strongly p+ before being compensated to n+ by damage due to the

actual deposition of the ITO. This is more consistent with all the experimental

observations than the in-diffusion of tin, suggested earlier (14,15), and is

consistent with the recent observations of Olego et al (16). Hence, to summarize,

the cells fabricated entirely in the rf system are essentially

ITO)In+(InP) p(InP), while those made using LPPE plus IB sputtering are possibly
+÷ ITO)Ip+(InP) p(InP). The IB only cells would be expected to be

n (ITO)Ip(InP). It is believed that this model explains all our observations.

CONCLUSIONS

This work has shown that ITO/InP cells, in which the ITO has been deposited by

rf sputtering, are actually very shallow buried homojunctions. The influence of LPPE

is to increase Jsc' particularly for the more lightly doped material. Substrates
which were first plasma exposed on then had ITO deposited by IB sputtering, behaved

similarly to the rf series cells. Conversely, IB sputtering and no LPPE, led to poor

voltages and the largest Jsc of all. We conclude that these are actually true

heterojunctions.

Measurement of the dead-layer thickness of the rf cells as a function of voltage

has enabled us to estimate the effective concentration of donors in the type-

converted surface layer. This is roughly in accordance with the damage estimates by

Rutherford backscattering spectroscopy. Although we have made cells with

efficiencies even higher than these (16.2% (2)), further substantial improvement is

unlikely. The damage mechanism must inherently limit Voc and the fill-factor and
therefore we believe that realization of the full potential of this material will

ultimately depend on optimization of OMCVD grown n+-p-p + structures recently reported

(7).

277



REFERENCES

I. S. Wagner, J.L. Shay, K.J. Bachmann, and E. Buehler, Appl. Phys. Letts., 26, 229

(1975).

2. T.J. Coutts and S. Naseem, Appl. Phys. Lett., 46, 164 (1985).

3. L. Gouskov, H. Luquet, J. Esta and C. Gril, Solar Cells, _, 51 (1981).

4. T.L. Chu, S.S. Chu, C.L. Lin, C.T. Chang, Y.C. Tzeng and A.B. Kuper, Proceedings

of the 14th IEEE PV Spec. Conf., San Diego, Jan. 7-10 (1980), p. 661.

5. N.G. Dhere, R.G. Dhere and H.R. Moutinho, Proceedings of the 18th IEEE PV Spec.

Conf., Las Vegas, Oct. 21-25, (1985), p. 1423.

6. A. Yamamoto, M. Yamaguchi and C. Uemura, Appl. Phys. Lett., 44611, (1984).

7. M. Y_naguchi, A. Yamamoto, Y. Itoh, and C. Uemura, Proceedings of the 2nd

International PhOtoVoltaic Science and Engineering Conference, Beijing, Aug. 19-

22, (1986), p. 573.

8. I. Weinberg, C.K. Swartz and R.E. Hart, Proceedings of the 18th IEEE PV Spec.

Conf., Las Vegas, Oct. 21-25 (1985), p. 1722.

51, 2696, (1980).9. M.J. Tsai, A.L. Fahrenbruch and R.H. Bube, J. Appl. Phys.,

10. T.J. Coutts and N.M. Pearsall, Proceedings of the IEE Meeting on Plasma

Deposition Processes, London, (1982).

11. N.M. Pearsall, Ph.D. Thesis, Cranfield Institute of Technology, Cranfield,

Bedfordshire, England, (1982).

12. W.C. Dautremont-Smith and L.C. Feldman, J. Vac. Sci. Technol. A3, 873 (1985).

13. A. Swartzlander, T.J. Coutts, S. Naseem and T.P. Massopust, Thin Solid Films,

138, 65 (1986).

14. K.J. Bachmann, H. Schreiber, Jr., W.R. Sinclair, P.H. Schmidt, F.A. Thiel, E.G.

Spencer, G. Pasteur, W.L. Feldmann, and K.S. Sree Harsha, J. Appl. Phys. 50;

3441 (1979).

15. T.J. Coutts, S. Naseem and R.K. Ahrenkiel, Proceedings 6th European Communities

Photovoltaic Solar Energy Conference, London, (1985), D. Reidel Publishing Co.,

pp. !74-178.

16. D.J. Olego, R. Schachter, M. Viscogliosi and L.A. Bunz, Appl. Phys. Lett., 49,

719 (1986).

278



Table I. Summary of parameters of solar cells prepared using rf sputtering, a

Supplier Mining and Chemical Products (3xi015 cm -3) Crysta-Comm, Inc. (3xi016 cm -3)

Cell Ref. rfl rf2 rf3 rf4 rf5 rf6 rf7 rf8

LPPE (min) 0 15 30 60 0 15 30 60

Jsc (mA cm -2) 24.0 25.9 26.3 27.2 23.3 24.5 25.6 24.9

Voc (mV) 746 761 760 785 760 756 759 765

FF (%) 69.3 65.4 66.7 72.2 66.2 73.9 73.7 61.1

q (%) 12.4 12.9 13.3 15.4 11.7 13.7 14.3 11.6

aAll tile cells whose properties are summarized in the table were made by rf sputter deposition of ITO

onto the InP substrates immediately after exposure of the latter to the low power plasma. Their

characteristics were measured at SERI at 28°C, using a standard spectrum, atmosphere, and other

experimental conditions. There was an interval of approximately one month between their fabrication

and characterization.

Table II. Stm_mary of parameters of solar cells prepared using ion-beam sputtering, a

Supplier Mining and Chemical Products (3xiO 15 cm -3) Crysta-Comm, Inc. (3xi0 -16 cm -3)

Cell Ref. IBI IB2 b IB3 IB4 IB5 IB6 IB7 IB8

LPPE (min) 0 15 30 60 0 15 30 60

Jsc (mA cm -2) 27.7 23.5 26.5 26.0 27.1 26.3 26.1 25.8

Voc (mV) 674 676 773 768 693 758 765 756

FF (%) 65.4 67.1 64.4 65.1 63.9 69.8 64.9 70.8

q (%) 12.2 !0.7 13.2 13.0 12.0 13.9 13.0 13.8

aThese cells were prepared on substrates which had been given the LPPE treatment several weeks before

the ITO was deposited by ion-beam sputtering. Therefore, it is possible that a surface oxide may

have formed, thus increasing the series resistance and decreasing the fill-factor.

bCell LB2 was accidentally exposed to the ion-beam for several seconds before deposition was begun; it

cannot therefore be regarded as one of the family of cells.
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NEAR-OPIIMUM DESIGN OF 1HE InP HOMOJUNCIION SOLAR CELL
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Irvlnq Weinberg

NASA Lewis Research Center

Cleveland, Ohio

Using a fairly comprehensive model, we have done a parametric

variation study of the InP n+p homojunction solar cell for AMO,

25°C operation. The results of this study are presented. These

results indicate that an efficiency of about 20.5% should be

realistically possible in a shallow homojunction InP solar cell

with near-optimum design.

INTRODUCT iON

Results obtained so far indicate that InP solar cells show a

much greater tolerance to IMeV electron and 10MeV proton

irradiation than Si and GaAs solar cells [[]. In addition, InP

cells can be annealed at a relatively low temperature of about

IO0°C [2] and are even annealed under minority carrier Lnjection

under a forward bias [3]. For these reasons, InP cells show great

promise for space applications and there is now considerable

interest in developing these cells for high efficiency.

Currently, the best InP cells have exhibited a total area,

AMO, 25°C efficiency of 16% [4]. This efficiency needs to be

signif[cantly improved in order for InP cells to meet the

long-term kW/kg,'kW/m 2 and $/kW goals for space cells. There is

thus a need to theoretically assess the realistic improvements in

efficiency that may be possible for InP cells. To this end, we

undertook to answer the following two questions: I) What is the

maximum realistically achievable AMO, 25°C total area e_lciency

in InP cells? 2) What is the optimum or near-optimum design of

the cell in terms of its geometrical and material parameters which

will yield this maximum efficiency?

To help us answer the above questions, we have developed a

fairly comprehensive one-dimensional compute¢ simulation model for

the InP solar cell. This model takes into account position- and

wavelength-dependent optical generation in the emitter, base,

space-charge and BSF/substrate regions, doping-dependent
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mobilitles and lifetimes (HSR and radiative) in all these regions,

and realistic front and back surface recombination velocities. In

addition, the model calculates the wavelength-dependent reflection

coefficient for a given AR coating material and thickness and the

series resistance for a given rectangular or circular grid design.

CALCULATED RESULTS

Using this model, we have done a parametric variation study

to determine the maximum realistically attainable efficiency and

near-optimum design of the cell. As a first step, to gain

confidence in our model, we tried to fit our calculated results to

the measured results on two InP cells made at Rensselaer

Polytechnic Institute. Using only the diffusion lengths in the

emitter and base and the effective lifetime in the space charge

region as fitting parameters, we got excellent match with the

measured curves of not just the illuminated I-V but also the

spectral response and the Isc-Voc. In addition, our model

predicted the same behavior of the performance parameters as a

function of base doping as observed by Yamamoto et al [5].

Table I shows the near-optimum design parameters and best

performance for each of three combinations of emitter and base

dopings. It is seen that the best performance is obtained _or

relatively low emitter and base dopings of 5E17 and IE[6 cm -3

respectively, yielding a realistically attainable efficiency of

~20.5%. Our predicted values of Voc are low because we have used

conservatively low lifetimes and diffusion lengths. With somewhat

longer lifetimes, Voc'S up to about 915mV are predicted, with

correspondingly higher efficiencies reaching 21.4%. Note the

rather decent values of short circuit current density and fill

factor, indicating that series resistance is not a problem even

for the rather thin emitter of only 400A.

Figures l and 2 show the cell output parameters versus

emitter width and emitter doping respectively. The values of all

other parameters are as listed under the Series C column in Table
I. The vertical arrows in these and other figures indicate

nominal values of the Independent variable.

It is seen from Figure [ that for the chosen grid design the

cell efficiency monotonically decreases with [ncreasing width of

the emitter, indicating that the emitter should be as narrow as is

realistically possible, around 400 to 600A. The primary cause of

efficiency reduction with increasing emitter width is the reduced

collection of photogenerated carriers, as evidenced by a

signifLcant decrease in the short circuit current density. A

secondary cause is the increased recombination with a large

emitter volume, causing a reduct£on in Voc with increasing emitter

width.

Figure 2 shows that there is a broad peak in the curve of
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cell efficiency versus emitter doping, with best results for an

emitter doping between 4E17 and 8E[7 cm -3. At the rather low

emitter dopings, below IEI7 cm -3, it is the Voc and FF which are

low; on the other hand, all parameters, Jsc, Voc and FF, decrease

with increasing doping above IEI8 cm -3. Thus, a relatively low

emitter doping of ~5E17 cm -3 is ideal.

Figure 3 shows the performance parameters versus front

surface recombination velocity (SRV). It is very likely that the

IE4 cm/s value of front SRV which we have used in our calculations

is perhaps too low and a more realistic value should have been IE5

to 2E5 cm/s. If that be the case, then we see from this figure

that the maximum efficiency would come down from 20.35% to ~19.7%

or, for the case of longer lifetimes, from 21.4% to ~20.7%. Note

that because of the rather large diffusion velocity D/L in the

emitter (>IE4 cm/s), cell performance is barely affected by front

SRV values smaller than a few times IE4 cm/s.

In Figures 4 and 5 we show cell performance parameters versus

base width and base doping respectively. It is seen that, up to a

base width of 4_m, the Voc monotonically decreases because of

increased volume recombination, since base diffusion length is

greater than 4_m, while Isc increases with base width. The

efficiency goes through a broad peak at a base width between 2.0

and 3.0_m. More interestingly, the Voc increases and Isc

decreases with increasing base doping in such a manner that the

efficiency decreases with increasing base doping. The ideal base

doping seems to lie in the range 5E15 to 5E16 cm -3. This is in

conformation with the observed dependence of performance on base

doping. In the present effort, our emphasis has been on optimum

design only with respect to efficiency. We are in the process of

incorporating into our model the fluence dependence of lifetime

(in all regions of the cell) and of the front SRV and doing

radiation damage simulation of the cell. It may then turn out

that from the radiation tolerance point of view, base dopings
around 5E16 cm -3 or somewhat higher may be desirable, as has been

experimentally observed.

Figure 6 shows the components of !ight-gener_ted curre,:t

(=Isc) from the various cell regions and Figure 7 shows the loss

current components at open circuit, both as functioas of the base

doping. In Figure 6 it is seen that for base dopings less than

2E16 cm -_ nearly two-thirds of the llght-generated current comes

from the space charge region, slightly less than one-third from

the emitter and only a very small amount from the base. This in

spite of a very thin (400_) emitter. This is because of the very

high optical absorption coefficient of InP. This is very

different from silicon solar cells where practically all of the

light-generated current comes from the base, and also somewhat

different from gallium arsenide solar cells where the base

contributes significantly to the llght-generated curre,lt. This

difference may have a bearing on the improved radiation tolerance

of InP solar cells compared to S[ and GaAs solar cells. We are in
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the process of investigating this. On the other hand, as seen

from Figure 7, the base is practically the sole contributor to the

loss current at Voc. This behavior is the same as in Si and GaAs

solar cells. It is easily seen from Figures 6 and 7 why Isc

decreases and Voc increases with increasing base doping.

CONCLUSIONS

Our theoretical modelling of the InP n + shallow homojunctlon

solar cell allows us to draw the following inferences:

• A maximum total area, IAMO, 25°C efficiency slightly

above 20% appears realistically possible•

• A near optimum design of the cell would have emitter

and base high quality layers (preferably, epitaxial)

of thicknesses -.400_ and 2_m respectively and dopings

5E17 cm -3 and IEI6 respectively, with a good q_ality
BSF/substrate layer of doping 2E18 to 5E18 cm- .

• The llght-generated current (-Isc) is controlled

primarily by the space charge and emitter regions

while the open circuit voltage Voc is controlled

primarily by the properties of the base region.
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Parameter

Performance:

Short Ckt. Current Density Jsc, mA/cm2

Open Ckt. Voltage Voc , mV

Fill Factor FF, %

Conversion Efficiency n, %

TABLE I

Series

B D C

35.85 37.05 37.29

875.1 877.4 877.7

85.09 85.39 85.38

19.44 20.22 20.35

General:

Junction Area, cm 2

Total Illuminated Area, cm 2

Grid Coverage, %

Si0 AR Coating, angstroms

Specific Coetact Resistance, ohm-cm 2

Intrinsi Ca_ :ier Concentration ni, cm -3

Calculu_ ed Series Resistance Rs, ohm

Front S_irface Recombination Velocity S F, cm/s

Space-Charge Region Dark Current Correction Factor

1.00 1.00 1.00

0.94 0.94 0.94

6.00 6.00 6.00

750 750 750

1.0E-3 1.0E-3 1.0E-3

1.655E7 1.655E7 1.655E7

0.137 0.199 0.271

1.0E4 1.0E4 1.0E4

2.0E-2 2.0E-2 2.0E-2

n + Emitter:

Width WE, angstroms

Uniform Doping NdE, cm -3

Minority Carrier Mobility _pE, cm2/Vs

Minority Carrier Lifetime rpE, ns

Minority Carrier Diffusion Length Length LpE, um

400 400 400

15.0E18 1.0E18 5.0E17 I

40.0 75.0 I00.0

0.04 0.20 0.40

0.064 0. 196 0.321

Width WB, _Jm

Uniform Doping NaB, cm -3

Minority Carrier Mobility UnB, cm2/Vs

Minority Carrier Lifetime rnB, ns

Minority Carrier Diffusion Length LnB, llm

2.00 2.00 2.00

15.0E16 5.0E16 1.0E161

3.55E3 3.55E3 4.25E3

4.00 4.00 20.0

6.00 6.00 14.8

p+ BSF/Substrate Layer:

Width WS, _m

Uniform Doping NaS , cm -3

Minority Carrier Mobility _nS, cm2/Vs

Minority Carrier Lifetime mS, ns

Minority Carrier Diffusion Length LnS, !Jm

Effective SRV at BSF/Base Interface Ss, cm/s

250 250 250

5.0E18 5.0E18 5.0E18

2.46E3 2.46E3 2.46E3

0.040 0.040 0.040

0.50 0.50 0.50

1.26E4 1.26E4 2.51E3
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SOLAR CELLS IN BULK InP USING AN OPEN TUBE DIFFUSION PROCESS*

K.K. Parat, S. Bothra, J.M. Borrego and S.K. Ghandhl

Rensselaer Polytechnic Institute

Troy, New York

This paper describes a simple open tube diffusion technique for the fabrication

of N+P junction solar cells. Large area (>0.25 cm 2) solar cells have been made by

this process with a photovoltaic conversion efficiency of 15.2% under simulated AMO

illumination. An ideality factor is 1.04 and a saturation current density of 9.6 x

10-16 A/cm 2 have been observed for these cells. These are the lowest (best) values

reported to date for diffussed structures in bulk InP.

INTRODUCTION

At the present time there is large interest in the use of indium phosphide on

solar cells for space applications. Besides being a direct band gap material with an

energy gap of 1.34eV which is close to the one required for maximum efficiency under

AMI illumination, it offers the possibility of low surface recombination velocity if

properly passivated (ref. 1) and it has shown less degradation to gamma ray radiation

than Si or GaAs cells of comparable junction depths (ref. 2).

InP solar cells previous reported had been fabricated by either epitaxial growth

or by thermal diffusion in a closed box system (ref. 3, 4). In this paper we des-

cribe the fabrication and photovoltaic characteristics of n+p InP solar cells using a

simple open tube diffusion process. Advantages of this technique are its case of

implementation and potential for low cost.

DEVICE FABRICATION

The p-type InP substrates used for the fabrication were pre-polished LEC grown**

2" diameter wafers (i00) misorientated 2 ° towards (110) and doped with Zn to a

concentration of 5-6 x 1016 cm -3. After degreasing the slices were etched in order to

remove any residual poslishing damage. Before loading in the evaporator, the wafers

were etched in 10% H3PO 4 to remove any surface damage. A gallium sulphide (99.99%

purity) film was evaporated onto the frontside which was used as the source for sul-

phur doping. To prevent degradation of the InP surface during diffusion the InP

substrate was coated on top and back with a 0.5 um thick film of SiO 2. The silicon

dioxide film was deposited on the wafer in a CVD reactor by the pyrolysis of silane

and oxygen in an argon ambient. During the SiO 2 deposition the samples were held at

325°C. The sulphurdiffusions were carried out for 20 to 60 minutes at 700°C in an

open tube furnace with nitrogen gas flowing in order to prevent back diffusion of

air. After diffusion the SiO 2 and Ga2S 3 films were removed and a back ohmic contact

* Work performed under NASA-Lewis Grant No. NAG-3-604.

**Crystacom Inc., Mountain View, CA 94043.
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made by evaporating a film of Au - 5% Zn and alloying it at 420°C in forming gas.

The non-optimized top metallic grid was defined photolithographically and electro-

plated Au was used as the contact metal for the top n+ layer. The active area of

the cell was delineated by a second photolithography step and it was mesa etched

using a solution of iodic acid. The total area of the cell was 0.313 cm 2 which

after substracting the area of the top metallic grid gives 0.265 as the active area

of the cell. Since the refractive index of InP is approximately 3.5, the optimum

values of the refractive index of a single layer AR coating is 1.9 which makes SiO

a suitable choice for this purpose. An SiO layer of approximately 750 A was

evaporated over the whole cell to serve as an AR coating. No attempts were made to

passivate the top n+ surface of the cell. A schematic diagram of the cell structure

is shown in Fig. i.

ELECTRICAL AND PHOTOVOLTAIC CHARACTERISTICS

Electrical characterization of the finished cells involved measurement of their

photovoltaic performance of large area cells, their quantum efficiency as a function

of wavelength and in I vs V. Small area diodes were used for diagnostic purposes

specially for determining the doping concentrations and doping profile in the vici-

nity of the junction. The photovoltaic performance of the large area solar cells was

measured under simulated AM1 conditions in our laboratory and under simulated AM0 at

NASA* and it is summarized in Table I using the active area of the cell. The short

circuit is larger under AMO conditions than under AMI illumination but the fill fac-

tor and efficiency remain the same. Figure 2 shows the in I vs V characteristics of

a large area cell. For low forward biases the forward characteristics are determined

by recombination in the depletion layer. At larger currents the in I vs V charac-

teristics are linear and show an ideality factor of n = 1.04 and saturation current

density of Jo = 9.6 x 10 -16 A/c m2. The very low value of the saturation current

density is responsible for the high open circuit voltage observed. The value of the

ideality factor close to 1 indicates that the forward current characteristics are

dominated by recombination in the neutral regions and not in the depletion layer of

the junction which indicates a clean junction. The high value of the fill factor is

a consequence of the ideality factor being close to 1 and that the top n+ layer is

heavily doped so the series resistance is low even for the shallow junction use_

Figure 3 shows the external quantum efficiency as a function of wavelength for

typical AR and a non-AR coated cell. For the non-AR coated cell the quantum effi-

ciency remains essentially constant for 500 nm to 850 nm where the efficiency drops

very sharply and it is essentially zero at 920 nm which corresponds to the energy

gap of InP.

The external quantum efficiency of the AR coated cell shows that the efficiency

improves between 550 nm and 900 nm. This increase in efficiency is responsible for

an increase of 37% in the short circuit current between AR coated and non-AR coated

cells.

* The AMO measurements were performed by Dr. I. Weinberg of NASA Lewis Research Cen-

ter, Cleveland, Ohio.
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COMPUTER SIMULATION

In our measurements the internal quantum efficiency _ int was obtained from the

measuredexternalquantum efficiency _ ext through the equation:

int = n ext/(l-R) (i)

where R is the reflection coefficient. This internal quantum efficiency was compared

to a computer simulation in order to determine important cell parameters. The in-

ternal quantum efficiency at short wavelengths is determined mainly by the junction

depth and the top surface recombination velocity. The hole diffusion length in the

top n+ layer does not appear to affect the quantum efficiency as long as the diffu-

sion length is longer than the junction depth. At long wavelengths the internal

quantum efficiency depends upon the depletion layer width and the electron diffusion

length in the p-region.

Figure 4 shows the comparison between a computer simulation and the measured

internal quantum efficiency of one of the non AR coated cells. The same figure

shows that the values of the parameters for a good match were junction depth of 0.06

_m top surface recombination velocity of 2 x 106 cm/sec, depletion layer width of

0..26 _m and electron diffusion length of 2.5 _m. Of the above parameters the

depletion layer width was determined by measuring the depletion layer capacitance
of small area diodes.

CONCLUSION

We have demonstrated an open tube diffusion technique for fabricating high

efficiency n+p InP solar cells. Detailed evaluation of the electrical and photo-

voltaic characteristics of the cells shows that the fabrication techniques used give

a clean junction with an ideality factor close to 1 and a very low value of the

saturation current density. Comparison of the measured and simulated spectral

response as a function of wavelength allowed the determination of important device

and material parameters.
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Fig. 1 - Schematic
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Diagram of Solar Cell Structure
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P/N InP HOMOJUNCTION SOLAR CELLS BY LPE AND MOCVD TECHNIQUES

K.¥. Choi and C.C. Shen

Arizona State University

Tempe, Arizona

and

B.I. Miller

A1 & T Bell Laboratories

Princeton, New Jersey

P/N InP homojunction solar cells have been prepared by using both

Liquid Phase Epitaxy (LPE) and Metalorganic Chemical Vapor Deposition

(MOCVD) growth techniques. A heavily doped p-Ino.saGao.4zAs contacting

layer was incorporated in the cell structure to improve the fill factor and

to eliminate surface spiking at the front surface. The best conversion

efficiencies (total area) obtained under AM I illumination are 14.2% for a
LPE cell and 15.4% for a MOCVD cell.

INT RODUCT ION

_nu_m _,,_,,ide (InP) has recently emerged as an attractive solar cell

material for space application, owing to the high conversion efficiencies

(ref. I) and radiation resistance (ref. 2) which were demonstrated in the

past few years.

Most of the InP homojunction solar cells reported so far consist of a

shallow homojunction. In order to obtain low contact resistance as well as

low sheet resistance, the top layer was usually doped heavily; as a result,

the minority-carrier diffusion length in this region is very short. To

maximize the short-circuit current, the top layer has to be made very thin;

however, the reverse saturation current and the diode's ideality factor of

InP homojunction solar cells were observed to increase markedly when the p-n

junction depth is less than 0.15 um (ref. 3). Also, the surface spiking at

the surface layer of shallow junction solar cells can sometimes cause the

deterioration of diode characteristics (ref. 4). To circumvent these

problems associated with shallow homojunction cells, we have modified the

conventional InP homojunction solar cells by adding an additional contacting

Ino.saGao.4zAs layer between the front grid contact and the thin top InP

layer (This is an extension of our previous work (ref. 5), in which an

InGaAsP layer was used as contacting layer). The advantages of this extra

InGaAs contacting layer are twofold: firstly, the bandgap of Ino.saGao.4zAs
(0.75 eV) is much smaller than that of InP (1.35 eV) at room temperature, so

*The work at Arizona State Univ. is supported by NASA Lewis Research Center.
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it can be doped more heavily to facilitate the contacting processes.
Secondly, the front grid contact is now in direct contact with the InGaAs
layer instead of the InP surface layer, thus it eliminates possible surface
spiking problems. In the following sections, we present the experimental
details of the fabrication and characterization of this type of P/N InP
homojunction solar cell prepared by LPE and MOCVDtechniques.

EPITAXIALGROWTHANDCELLFABRICATION

A schematic diagram of the cross section of a mesa-type P/N InP
homojunction solar cell is shownin Figure I. The cell contains an InP p-n
junction and an InGaAs contacting layer. To eliminate optical absorption
in the InGaAs layer, major portion of the InGaAs layer, which was not
covered by the front grid contact, was etched away chemically. The two InP
layers and the InGaAs layer were grown successively on a (100) oriented,
n+-InP single crystal substrate with a typical carrier concentration of

18 w3
2 x 10 cm by either LPE or MOCVD growth techniques.

The LPE growth was performed using a conventional horizontal LPE

system. Three epitaxial layers were grown successively on a n+-InP

substrate. An undoped n-type InP layer about 3 to 5 um thick was grown

first on the substrate, which was followed by a p-InP layer and a p÷-InGaAs

layer. Zinc was used as p-type dopants for the second and the third

epitaxial layers. For the samples we have prepared so far, the two p-type

layers have typical thickness values of 0.5 _m. The LPE layers were grown

by a supercooling growth technique with a cooling rate of 1°C/min. The

growth temperature ranged from 650°C to 620°C. To suppress surface

dissociation at the InP substrate surface, the substrate was covered by an

InP cover piece during the saturation period, prior to the growth cycle.

The MOCVD wafer was grown in a horizontal atmospheric MOCVD system

featuring a fast switching run-vent manifold, allowing for very abrupt

interfaces. Trimethylindium (TMI) and trimethylgallium (TMG) were used as

group III sources while pure arsine and phosphine were used as group V

sources. Hydrogen sulfide (H2S) and triethylzinc (TEZ) were used as n- and

p-type dopant sources respectively. The growth temperature was around 625°C

with a growth rate of 5 A/sec for InP and a growth rate of 10 A/sec for

InGaAs. The background concentrations were about 5 x 10 Is -3cm for InP

layers and 2 x 10Is cm -3 for InGaAs layers.

The layer thicknesses and p-n junction locations for several grown

wafers were determined by using a scanning electron microscope. Figure 2

shows the electron-beam induced current (EBIC) signals superimposed on the

secondary emission images for the cleaved and stained cross sections of a

LPE sample (Fig. 2a) and a MOCVD sample (Fig. 2b). The gentle slopes of the

EBIC signals in the lightly doped InP layers indicate that the minority

carrier diffusion lengths in this region, which are estimated to be several

microns long for both samples, are much longer than the minority carrier

diffusion lengths in other layers as expected. The typical carrier
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concentrations of the grown layers for the LPEsamples are 3.5 x 1018cm-3,
4.0 x 1017 cm-3, and 4.0 x 10'6 cm-3 for p+-InGaAs, p-InP, and n-InP layers,
respectively; while those for the MOCVDsamples are 10'8 cm-3 ,8, I0 cm-3,
and 10'6 cm-3 for p+-InGaAs, p-InP, and n-InP layers, rspectlvely.

The ohmic contacts to the backside were obtained by thermal evaporation
of Au/Sn alloy onto the entire substrate, while the front grid contacts were
achieved by first evaporating Au/Zn alloy onto the front surface which was
previously coated with photoresist and patterned by conventional
photolithographic techniques. A subsequent lift-off process completed the
deposition of the front contact. The cells were subsequently annealed at
250°C for I minute in a flowing nitrogen atmosphere. The contact grids are
50 pmwide and the spacings between the grid lines are 450 pm. The front
contact for these cells covers about 12.5 percent of the whole surface. The
cell area was defined photolithographically and the cells were made into
mesa-type devices by etching the edges of the cells with IN K2Cr20T : HBr :
CH3COOH(I : I : I by volume). The surface area of InGaAs layer, which was
not covered by the grid contact, was later removed by selective etching.
The frontside of the cells were then covered with 650 A vacuum-deposited
Sb203 as an antireflection (AR) coating. The photograph of the frontside
of a completed cell processed from a MOCVDsample is shown in Figure 3.
The total cell area for the MOCVDcells is 25 mm2 while that for the LPE
cells, which is 4 mm2, is somewhat smaller.

DEVICE CHARACTERIZATION

The dark current density - voltage (J-V) characteristics under forward

bias for two solar cells prepared by both LPE and MOCVD are shown in

Figure 4. The diode's ideality factors are about 1.7 for both cells. The

reverse saturation current densities are 3.97 × 10-'I A/cm 2 for the LPE cell

and 1.67 x 10-'1 A/cm 2 for the MOCVD cell.

The completed cells were tested under simulated sunlight using

ELH lamp as light sources. The incident power density was adjusted to

100 mW/cm 2 using a calibrated silicon solar cell. The photovoltaic

characteristics of six InP homojunction solar cells prepared from one LPE

w_fer are summarized in Table I. The average values for Voc , J sc , and FF
are 0.812 volt, 25.0 mA/cm 2, and 0.63, respectively. In Table II, we list

the photovoltaic characteristics of InP homojunction solar cells processed

from one MOCVD wafer. The average values for Voc , Jsc , and FF are
0.840 volt, 22.5 mA/cm 2, and 0.72, respectively. The highest conversion

efficiencies (total area) achieved are 14.2% for a LPE cell and 15.4% for a

MOCVD cell. Figure 5 shows the J-V characteristics under illumination of

the best LPE cell and the best MOCVD cell.

The spectral responses for these cells were characterized by using a

grating monochromator equipped with a calibrated tungsten light source. The

spectral responses of a representative LPE cell and a representative MOCVD

cell with and without AR coating are shown in Figure 6. For those uncoated
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cells, the spectral response curves exhibit a peak at 0.9 um, and then drop

gradually as the wavelength decreases. The spectral response curves of
those coated cells exhibit a flat zone for photon wavelengths between 0.6

and 0.9 um, and drop off for wavelengths less than 0.6 um. The overall

efficiencies for our cells were improved more than 305 with the aid of an

AR coating.

DISCUSSION AND CONCLUSION

Although the open-circuit voltages for our cells are excellent, the

short-circuit current values are less than satisfactory. We believe that

short-circuit current can be improved by optimizing the cell parameters such

as layer thicknesses and doping levels of the epitaxial layers. A larger

fill factor can also be expected by increasing the doping level of the

InGaAs layer. We have observed very good yield for cells processed from

grown wafers prepared by both LPE and MOCVD techniques. However, solar

cells processed from MOCVD wafers exhibit better yield and uniformity

regarding overall device performance. The preliminary experimental results

we obtained from these modified P/N InP homojunction solar cells are

encouraging. Such a structure can be easily extented to N/P InP

homo junction solar cells. The technical advantages it offers may make it

more suitable for large-scale production than the conventional shallow

homojunction InP solar cells.
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Table I. Photovoltaic characteristics for InP homojunction solar cells
prepared by LPE (AMI, 100 mW/cm 2 at 27°C).

Cell no. Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

I 0.81 7 25.4 68.0 14. I

2 0.818 25.1 59.2 12.1

3 0.817 24.1 60.5 11.9

4 0.815 25.5 68.2 14.2

5 0. 805 24.6 61 .9 12.3

6 0.800 24.9 62.1 12.4

Table II. Photovoltaic characteristics for InP homojunction solar cells

prepared by MOCVD (AMI, 100 mW/cm 2 at 27°C).

f

Cell no. Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

I O. 832 21 .9 70.4 12.9

2 0. 840 21 .6 77.9 14. I

3 0. 845 22.6 69.4 13.3

4 0. 849 22.7 79.7 15.4

5 O. 840 22.8 76.5 14.7

6 0. 844

7 0.837

22.2 76.6 14.4

22.7 68.9 13.1

8 0.840 23.8 63.8 12.8

9 0. 832 23.0 72.0 13.8

10 0.839 21 .7 66.8 12.1

305



Sb203 AR COATING / 
FRONT GRID CONTACT 

p+- InGaAs: Z n  
p -InP: Zn - n - InP: UNDOPED, OR S 

- n+- InP SUBSTRATE 

BACK CONTACT 

F i g u r e  1 .  Schematic diagram of the  c r o s s  s e c t i o n  of 
a P/N InP homojunct ion s o l a r  c e l l .  

+ + 
p -1nGaAs p-InP n-InP n -1nP 1 f / , s u b i t r a t e  

I l l  

+ 
p-InP n-InP n -1nP , I su;st\ te 

F i g u r e  2 .  Secondary emis s ion  and E B I C  images of the  c r o s s  s e c t i o n s  of 
two P/N InP s o l a r  c e l l s  p r e p a r e d  by ( a )  LPE and ( b )  MOCVD. 



ORTGmAt. pA- 
OJ2 QU- VOLTAGE ( V I  

WR? m 
000 0 2 0  040 060 080 I00 

0 0 0 ,  I I I I  1 

F i g u r e  3. Pho tograph  of t h e  f r o n t  
s i d e  of a comple t ed  P I N  InP 
homoj u n c t  i o n  so la r  ce l l .  

I I I I I 

0.00 0.20 0.40 0.60 0.80 1.00 

VOLTAGE ( V I  

F i g u r e  4.  D a r k  c u r r e n t  d e n s i t y  
v e r s u s  v o l t a g e  p l o t  unde r  
forward b i a s  f o r  two P/N 
I n P  homojunc t ion  s o l a r  
c e l l s  p r e p a r e d  by ( a )  LPE 
a n d  ( b )  MOCVD. 

- -5.00 - 
E < 
a -10.00 - E 
> 
I- 
% -15.00 - 
Z 
W 
0 

(u 

- 

5 -20.00 - 
( b )  W 

(L 
(L 
3 

-25.00 - 
(a) 

- -5.00 - 
E < 
a -10.00 - E 
> 
I- 
% -15.00 - 
Z 
W 
0 

(u 

- 

5 -20.00 - 
( b )  W 

(L 
(L 
3 

-25.00 - 
(a) 

Figure  5. C u r r e n t  d e n s i t y  v e r s u s  v o l t a g e  
p l o t  f o r  two P/N InP homojunc t ion  
s o l a r  c e l l s  p r e p a r e d  by ( a )  LPE and  
( b )  MOCVD u n d e r  AM 1 i l l u m i n a t i o n .  
The c o n v e r s i o n  e f f i c i e n c i e s  f o r  
c e l l s  ( a )  a n d  ( b )  a re  14.2% and  
15.4%, r e s p e c t i v e l y .  

0.80 - w 
ul 
Z 
0 a 
0) 0.60 - 
W 
E 

-I 9 0.40 - 
w a 
ul 0.20 

(COATED CELLS) 

/ CUUCOATED CELLS) I 

0.00 I 1 I 1 I I 

0.40 0.50 0.60 0.70 0.80 090 1.00 

WAVELENGTH CUM) 

F i g u r e  6. S p e c t r a l  r e s p o n s e s  of two 
t y p i c a l  P I N  InP  homojunc t ion  
solar c e l l s  p r e p a r e d  by ( a )  LPE 
and ( b )  MOCVD w i t h  a n d  w i t h o u t  
AR c o a t i n g .  

307 



N8 7- 26 446

AN OVERVIEW OF THE DOE TERRESTRIAL CRYSTALLINE

SOLAR CELL RESEARCH PROGRAM *

James M. Gee and Dan E. Arlvlzu

Sandla National Laboratories

Albuquerque, NM

There has been significant progress in the crystalline

solar cell area in the past two years that has rejuve-

nated interest in high efficiency devices for terres-

trial photovoltaic systems. The most significant deve-

lopments have been in the crystalline silicon cell area

but progress in the III-V area has also been recorded.

A review of terrestrial crystalline cell research is

presented along with a description of future research
directions.

INTRODUCTION

Photovoltaic systems are an attractive technology for

electric power generation. The United States Department of

Energy (DOE) has been pursuing PV research for over a decade with

the long term goal of lowering the cost of PV systems such that

they can be a cost effective option for utility applications. In

order to position PV for a utility market, it will be necessary
to reduce the cost of a PV system by a factor of 4 to 6 from

current systems (i). In order to meet these long term goals, DOE

is investigating two approaches for a cost effective PV device.

In the first approach, thin films of amorphous or semicrystalline

semiconductors which can be fabricated with low cost deposition

techniques are used. This technology features low material

costs; material costs are currently the most expensive component
in PV commercial flat-plate modules. The DOE effort in thin

films is managed by the Solar Energy Research Institute (SERI).

Industry has become interested in the thin film approach recently

and is making substantial investments in this new technology.

While the cost of the materials are low and the initial progress

is very promising, a significant challenge remains to improve the

performance of thin film cells to levels appropriate for utility
applications (>15%).

The second approach pursued by DOE is investigation of

crystalline cells. These cells are composed of high quality
materials and are capable of very high efficiencies. There is a

very large technological base for development of crystalline

cells. The concern with crystalline cells has always been

*This work was supported by the U.S. Department of Energy at
Sandia National Laboratories under Contract DE-AC04-76DP00789.
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material costs. However, with concentrator collectors or with

advanced sheet growth processes, the material cost issue may be

circumvented while the performance advantage of crystalline cells

is retained. Most of the DOE crystalline cell research has been

recently consolidated at Sandia National Laboratories, including

the research on crystalline silicon one-sun and concentrator
cells and advanced materials concentrator cells. This paper will

briefly review the present status of terrestrial crystalline cell

research and give an outline of future research directions.

SILICON CELLS

Silicon cells have received the bulk of the research effort

among crystalline cells. In order to improve the cost effective-

ness of crystalline silicon cells, it will be necessary to reduce

the material and processing costs and to improve the cell perfor-

mance. Past work that was managed by the Jet Propulsion Labora-

tory emphasized reducing the material and processing costs

through source material and advanced crystal growth research and

through research into low cost processing techniques (metalliza-
tions, boule wafering, etc.). An excellent review of this work

can be found in reference 2. Future work in this area will

emphasize fundamental studies of advanced silicon crystal growth

processes and characterization and control of defects. This work
can later be can later be transferred to industry. The silicon

materials research will probably involve more university partici-

pation and fewer large engineering development efforts. In an

era of reduced budgets, it is felt that this approach will have

the greatest impact on achieving program goals.

A novel approach to improving the cost effectiveness of

current one-sun crystalline silicon cell technology has been

recently developed by ENTECH, which manufactures concentrator

modules. ENTECH has developed a prismatic coverglass which

effectively removes the grid obscuration (6). With the larger

current densities produced under concentrated illumination,

concentrator cells have typically featured relatively expensive

metallizations with a narrow linewidth, high aspect ratio, and

low contact resistance. With the greater grid coverage that is

possible with the prismatic coverglass, it becomes possible to
use the low cost metallizations typical of one-sun cell

technology for a low concentration module. An installed system

cost near $6/Wp has been estimated for a small utility scale

application (300 kW) with a 20X module, one-sun cells, and the

prismatic coverglass (6). Figure 2 presents results for a poly-

crystalline silicon cell fabricated by Solarex with and without

the coverglass. The grid obscuration in this case was 20%. It

is evident from the results presented in Figure 2 that the cover-

glass was effective in eliminating the grid obscuration.

The second approach to cost effectivenss of crystalline
silicon cells is to increase the efficiency of both one-sun and

concentrator cells. Modelling at both Stanford and Purdue have

indicated that efficiencies in excess of 30% are possible with

thin, high resistivity silicon concentrator cells (3,4). These

cell designs were thought to require long minority carrier life-
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times that are only available in expensive float zone material.

Recent modelling at Iowa State University indicates that high

efficiencies should also be possible with minority carrier life-

times typical of Czochralski or polycrystalline material if

sufficient light trapping and surface passivation schemes are

employed (5). These same calculations project efficiencies

around 25% at one-sun (Figure i). A common feature in all these

modelling results is that the high efficiency silicon cells will

need to be very thin and will use high resistivity material.

Progress in experimental high efficiency silicon devices has

been very encouraging recently. Researchers at the University of

New South Wales (UNSW) under Sandia sponsorship have recently

fabricated low resistivity 0.1 and 0.2 ohm-cm silicon concentrator

cells that achieved 24.7% at 50X to 100X (7). (All measurements

reported in this paper were made under an AMI.5 spectrum, with the

irradiance at one-sun (iX) equal to 100 mW/cm^2.) Two improve-

ments have been incorporated into these cells. The first

improvement is the use of a passivated surface with reduced
contact area in order to minimize recombination at the surface of

the cell. The second improvement has been optimization of the

optical properties of the front surface in order to minimize

reflectance from both the active area and the grid lines. The

surface has been anisotropically etched to form microgrooves that

reduce the surface reflectance. The grid lines are defined at

approximately a 45 degree angle with respect to the grooves so

that light specularly reflected from the grids can be absorbed at

the adjacent surface of the groove. The improved front surface

design is illustrated in Figure 3 along with cell performance

data. This cell uses essentially the same structure as commer-

cial silicon concentrator cells (contacts on both the front and

back surfaces with the back surface fully metallized) and could

be incorporated into concentrator modules relatively easily.

Using a similar approach for one-sun silicon cells, the

researchers at UNSW have also achieved an efficiency of 21% and
19% at one-sun for cells fabricated in float-zone silicon and in

solar-grade Czochralski silicon (8).

In another remarkable achievement, researchers at Stanford

University have achieved 27.7% at 100X and 22.2% at one-sun with

an unconventional cell structure (8). The new cell structure

(see Figure 4) starts with a high-resistivity float zone silicon

substrate. The substrate is first chemically etched to the

desired thickness of about i00 microns. Both the n- and p-type
diffusions are then made on the back surface. The area of the

diffusions and of the metal/silicon contact area is minimized in

order to reduce the recombination associated with the heavily

doped regions and with the contacts. It is also very important

to incorporate light trapping in order to maximize absorption of

light in the thin silicon cell and to passivate the surfaces in

order to minimize surface recombination. The high efficiency is

due to both the high current densities (Jsc>40 mA/cm^2) and the

high voltages (Voc>680 mV at Ix) achieved in this cell. The

Stanford researchers project that efficiencies of 29% under

concentrated sunlight are possible using the present design with

reduction of the cell reflectance and grid resistance.
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Figure 5 shows the progress of crystalline silicon cell

efficiencies over the past i0 years. The increase in silicon

cell performance has been due to both improvements in processing

and improved cell designs. Future advanced silicon crystalline

cells will be thin (<i00 microns) and will include light trap-

ping, passivated surfaces, and optimized emitter structures.
Other areas that will also need to be addressed include hetero-

junction contacts to minimize contact recombination and issues

regarding the module readiness (reliability, stability,

mechanical mounting, etc.) of these advanced cells. Silicon
cells with efficiencies in excess of 24% and 30% at one-sun and

under concentration appear to be quite achievable.

ADVANCED MATERIAL CONCENTRATOR CELLS

By advanced materials, we refer to crystalline III-V

compound semiconductors. These materials have been used for

elecro-optical devices for over a decade due to their superior

electro-optical properties compared to silicon. It is no

surprise that these same qualities make these materials very
effective for solar cells. The materials for these cells are

significantly more expensive than for silicon cells, so that

these cells can only be cost effective if their performance can

be significantly increased over the projected silicon cell

performance of 30% and if they can be operated at higher

concentrations (>500X). Consequently, the long term goal of this

task is to develop a highly efficient (>35%) multijunction (MJ)

concentrator cell for operation at high concentrations (>500X).

An integral part of MJ cell development is to first develop

optimized single-junction devices. The higher efficiencies of MJ

cells compared to single-junction devices comes from the more

efficient use of the broad solar spectrum. However, the projected

high efficiencies can only be attained if the properties of each

subcell in the MJ cell are nearly optimal. The latter

requirement implies that the performance of a single-junction

cell be well understood before an MJ cell can be optimized.

The high efficiencies that have been achieved with single-

junction III-V solar cells despite the relative immaturity and

modest support of this technology demonstrates the performance

potential of III-V solar cells. Two years ago, Varian fabricated

GaAs concentrator cells that achieved 26% at 700X (9). This cell

had the highest reported efficiency of any photovoltaic device

until the recent silicon cell results reported by Stanford. It

should also be noted that on an active area basis, these cells
are more efficient than the new silicon cells. GaAs solar cells

are still the most efficient PV devices reported to date for one-

sun illumination with an efficiency of 23% (i0). Projections for

GaAs cells also predict very high efficiencies for an optimized

cell. By combining the best parameters (Voc, Jsc, and FF)

observed on different GaAs cells, Fan has projected an efficiency

of 26% for GaAs at one-sun (ii). Similarly, the researchers at

Purdue University project efficiencies near 34% for a GaAs cell

operating at 500X using realistic values for the material

parameters with a detailed computer modelling code (12).
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Another demonstration of the high performance potential of
III-V cells is the recent set of results with InGaAs concentrator

cells. These cells were also fabricated by Varian and were

developed as part of monolithic MJ work funded by SERf and by

NASA. These InGaAs cells have a bandgap of 1.15 eV, which is

close enough to silicon to allow a direct comparison of the

relative merits of III-V and silicon cell technologies. The

InGaAs concentrator cell achieved 24.4% at 400X despite a poor

Jsc at one-sun of 31 mA/cm^2 (13). An efficiency in excess of

30% is projected for these cells if the Jsc can be improved to

levels already demonstrated for silicon cells (36 to 40 mA/cm^2).

The high performance of these cells was due to their high Voc,

which under concentration is over 100 mV higher than the best

silicon concentrator cell voltages (Figure 7).

In order to further improve single-junction GaAs and other

III-V cells, it will be necessary to improve the short-circuit

current density (Jsc). Unlike silicon cells, the open-circuit

voltage (Voc) of III-V cells have traditionally been very good

but have had a poor Jsc. For example, a compilation of reported

Voc's for various III-V cells with bandgaps between 1.15 eV and
2.0 eV shows that the Voc is within 10% of the fundamental

voltage limit imposed by radiative recombination (13). Some of

the improvement in Jsc will come from techniques that remove some

of the grid obscuration, such as the prismatic coverglass or use

of a microgrooved surface. Some of the improvement of Jsc will

also need to come from better material quality and device

optimization since the peak internal quantum efficiency is

generally below 95% and have poor response at short wavelengths

(Figure 6). As was found to be very useful for silicon cell

development, sophisticated models and advanced measurements are

needed to help guide the device development.

The two approaches to achieving a high efficiency MJ cell

are the monolithic MJ (MMJ) and the mechanically stacked MJ

(MSMJ) cells. Research into MMJ cells for terrestrial applica-

tions is managed through SERI and has been reviewed at this

conference in previous years (14). Sandia has been investigating

MSMJ cells whose progress has been promising. A GaAs/silicon

MSMJ cell was assembled at Sandia with the component GaAs and

silicon cells fabricated by Varian and Applied Solar Energy

Corporation, respectively. The GaAs cell had grids on the front

and back surfaces in order to allow light transmission to the

silicon bottom cell. The cells were not otherwise optimized for

stacked cell operation. The GaAs/silicon MSMJ cell achieved

26.6% at 300x when the subcells were operated independently

(Figure 8), which briefly held the record efficiency until the
recent silicon cell results (15). We have estimated that this

approach can obtain about 5% from the silicon cell and thereby

over 30% for the GaAs/silicon MSMJ cell under concentration (16).

Even higher performance is projected for an MSMJ cell using an

optimized bandgap combination. Sandia is supporting development

of a wide bandgap (1.75 eV) cell for stacking on top of a silicon

cell and of a narrow bandgap (0.7 eV) cell for stacking
underneath a GaAs cell.
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Another important development in MJ cells has been the

examination of new electrical configurations other than the

series-connected configuration for MJ cells. In particular, a

new voltage-matched configuration has been proposed by

researchers at Chevron for MSMJ cells (18). Voltage-matched

configurations can also be used with MMJ cells (17). The

voltage-matched configuration connects the cells in parallel so

that the bandgap selection criteria becomes matched voltages
rather than matched currents as in series-connected MJ cells.

This configuration has been recently modelled at Sandia and

several advantages were found for the voltage-matched configura-

tion (17). These advantages include wider selection of bandgaps

for the component cells, less sensitivity to spectral variations

inherent in terrestrial spectra, structures that avoid the

difficult transparent ohmic interconnect required in series-

connected MMJ cells, and possibly better radiation resistance for

space applications. It is expected that the advantages of a

voltage-matched configuration will make realization of an
efficient MJ cell easier.

SUMMARY

We have reviewed recent developments and presented an

outline of the research topics in the DOE terrestrial crystalline

cell program. With an integrated program of material and device

research, we feel that crystalline PV systems can become an

important renewable energy source for the United States.
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prismatic coverglass.
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SPACE STATION POWER SYSTEM

Cosmo R. Baraona

NASA Lewis Research Center

Cleveland, Ohio

The manned space station is the next major NASA program. It presents many

challenges to power system designers. The power system, in turn, is a major driver

on the overall configuration. In this paper, the major requirements and guidelines

that affect the station configuration and the power system are explained. The

evolution of the space station power system from the NASA program development-

feasibility phase through the current preliminary design phase is described. Sev-

eral early station concepts, both fanciful and feasible, are described and linked

to the present concept. The recently completed phase B trade study selections of

photovoltaic system technologies are described in detail. A summary of the present

solar dynamic system and the power management and distribution system is also given.

BACKGROUND

The space station system is the next major step in the manned space program.

The space station will be a multipurpose facility that will enable advancements in

science, technology, and space transportation capabilities. It will promote com-

mercialization of space and open new avenues not yet fully explored.

Space stations have existed in the minds of writers, scientists, and engineers

for decades. In a series of fictional articles beginning with the October 1869

issue of the Atlantic Monthly, a fanciful space station was described by the Rev.

E.E. Hale from Boston. "The Brick Moon" articles described a hollow sphere 200 ft

in diameter. It was whitewashed on the outside to serve as an aid to navigation

and was launched into orbit by water wheels. The articles made no mention of a

power source for the brick moon after it left the Earth. The brick moon concept

did not have a sound basis by today's standards, but it was entertaining and thought

provoking!

In 1928, Hermann Noordung published "Befahrung des Weltraums" (The Problem of

Space Travel). He described a manned toroidal space station that rotated to produce

artificial gravity. The idea was further developed in the March 22, 1952 issue of

Collier's magazine and was described in the book, "Across the Space Frontier"

(Viking Press, New York, NY 1952) (fig. I). Walt Disney Studios produced television

programs that were based on Noordung's concept. In this concept, power was produced

by a large parabolic mirror which focused solar energy to heat steam and operate a

turbine generator. In today's terminology, this was a form of a solar thetm_al-

dynamic power system. At that time, practical photovoltaic (PV) cells had not yet

been invented!

These early works, as well as numerous studies conducted in the 1960's and

1970's after the creation of NASA (ref. I), helped establish a role for a manned

space station. The solar dynamic power source described in 1952 was primitive but

functional. However, most unmanned satellites launched since the beginning of the

space age in 1957 have been powered by silicon solar-cell-based photovoltaic sys-

tems. A few deep space interplanetary missions and manned spacecraft like Mercury,

Gemini, and Apollo are exceptions. During this era, technology has been developed
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for photovoltaic, solar dynamic, and nuclear systems as well. The primary thrust

of these developments has been toward lighter weights, lower volumes, higher effi-

ciencies, longer lifetimes, and greater reliability. These technologies and f]ight

experiences formed the starting point for establishing the feasibility of the cur-

rent space station and for defining its power system.

FEASIBILITY PHASE

The current space station program had its beginnings in 1981, when technology

steering committees were formed to identify candidate technologies. These con_it-

tees were staffed with people from the NASA field centers. In early 1982, the Space

Station Task Force was formed at NASA Headquarters, Washington, DC, to determine

the feasibility of a space station. This was referred to as phase A in the program

development process.

In August 1982, the task force sponsored contracts with eight major aerospace

companies to analyze the uses or missions for a manned space station. Specific

missions were determined and studied extensively, but these are too numerous to

describe in detail here (ref. 2). These missions included materials processing,

Earth and space observations, and servicing and repair of satellites and other pay-

loads. The mission analysis studies showed that the station would serve as an

assembly facility, a storage depot, and a transportation node (or way station) for

payloads intended for higher Earth orbits or for interplanetary missions.

These diverse missions led to the space station complex shown in figure 2. It

is composed of a manned core and an unmanned co-orbiting platform (both in a 28.5 °

orbit), another platform in a polar orbit, and a system of unmanned vehicles for

maneuvering payloads near the station or for transferring them to other orbits.

The mission analysis studies identified resource requirements, such as crew

time, thermal control, and power, for each projected experimenter and each scien-

tific and con_ercial user of space station. The sum of the power requirements of

each of these missions defined the total requirement for each station element.

Power levels were determined as a function of time from the initial operational

capability (IOC) through some future power level when the station and the number of

missions would have grown. These power requirements have changed as the mission

definition has evolved. The current user power levels are shown in table I. User

power or bus power is expressed in kilowatts electric (kWe) in table I and through-

out this paper. User power means all system losses for generation, storage, condi-

tioning, and distribution have been taken into account. Note that the station IOC

power of ]5 kWe is about an order of magnitude higher than for Skylab. Skylab, the

first U.S. manned space station, was launched in 1973 and is the largest (8-kWe

user power, 22-kWe array) solar power system flown in space to date. This 75-kWe

requirement for the planned space station is the most challenging factor facing the

power system designer.

Additional challenges arise from progran_atic requirements imposed on the power

system designer. These additional requirements are management and/or engineering

related. They include (as do most large spacecraft projects) cost (both initial

and life cycle), schedule, technical-development risk, weight, safety and contin-

gency requirements. However, the permanent nature of space station results in some

new and unique requirements such as growth capability, maintainability, and common-

ality of hardware and software across all station elements. Future replacement and

growth of the station systems require that they be designed so that they can accept
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future changes in technology (i.e., technology transparency) yet still provide the

same functions. Other considerations are the station orbit altitude and decay,

assembly and buildup, lifetime, load types and location, and logistics and sparing.

In the spring of 1983, the task force was expanded to include a concept devel-

opment group (CDG). This group took the results from the mission analysis studies

and, with the help of all the NASA centers and many aerospace companies, synthesized

them into several candidate space station configurations. They also further studied

and sharpened technology selection for all the station systems includinK the power

system: PV planar, PV concentrator, microwave power transmission, solar dynamic,

and nuclear systems. The power tower, or gravity gradient stabilized, and many other

configurations were studied as candidate station geometries. At this time, photo-

voltaics appeared to be the leading candidate for the power system.

As a result of the CDG feasibility work, on January 25, 1984, President Reagan,

in his State of the Union message, gave NASA approval to build the space station

and have it operational by 1994. In rapid succession a new program office was

formed in Washington from the core task force group and the focus of the concept

development activities was enlarged and shifted to the "Skunk Works" near NASA

Johnson Space Center in Houston, Texas. The skunk works expanded and refined the

definition of the space station systems. They wrote a reference configuration

description and a request for proposals for the next phase of the program. During

this period, the importance of drag area on reboost and life cycle cost, coupled

with the very large growth power requirements (as high as 450 kWe), resulted in the

adoption of solar dynamic (SD) generators with thermal energy storage and photovol-

talc arrays with electrochemical energy storage for detailed study in the definition

phase.

DEFINITION PHASE

The present space station configuration and the hybrid power system (fig. 3),

using both PV and SD technologies, were selected in the definition, or phase B,

studies which began in 1984. Nuclear and other power systems were ruled out on the

basis of schedule, cost, risk, and other factors. The large size and drag area of

the power system is a major consideration for selection of the overall space station

geometry. This geometry must allow the station and the power system to grow. It

must minimize the impact of the power system on viewing angles for experimenters

and for cm_unications. The space station and its power system must be controllable

and structurally sound. The maximum degree of commonality between the station and

platform power systems is necessary to reduce costs. Most important of all, the

station must be passively controllable, that is, the gravity gradient must be sta-

bilized. From these diverse and sometimes contradictory requirements, the Power

Tower and later the Dual-Keel configurations were developed and studied by NASA.

At the same time, the NASA Lewis Research Center and its two major phase B con-

tractors, TRW and Rocketdyne, studied numerous power system types. These phase B
definition studies are described below.

Power System Configuration Definition

Early in phase B, six cases for power system options were defined for study

(fig. 4). The IOC power level of 75 kWe and the growth power level of 300 kWe were

selected. The six cases were established on the basis of IOC power system type

(either SD or PV) and the method of growing from 75 to 300 kWe. Case I was all

PV. Case 6 had minimum PV (12.5) kWe) at IOC and all SD at growth. An all SD
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system is not feasible because power is needed on the first launch when the accurate

sun tracking required for the SD system is not possible. Cases 2 through 5 had

various proportions of SD to PV. Con_onality between the station and the platform

solar arrays was also considered in these system studies. A solar array optimized

for the platform would be smaller than one optimized for the station. As a cost

saving measure, platform arrays could be used on the station so that only one

development cost would be incurred. The use of SD on the platform was not feasible

because of microgravity, weight, and other requirements. Also, the platform power

level requirements were incompatible with a practical-sized SD unit.

The primary selection criteria for these system studies was both IOC and life_

cycle cost for the station and the platforms. Development, manufacturing, verifi-

cation testing, overhead, and launch costs for all the space station system hardware

and software was included. An especially important life cycle cost savings resulted

from the reduced aerodynamic drag associated with the SD system. Reduced drag

allowed lower orbit altitude and higher shuttle payload capacity.

As a result of these system studies, the case-5 hybrid was selected. In this

case, the PV portion of the power system generates 25 kWe with four solar array

wings (array power, approximately 57 kWe). The station wing is identical in design

to those optimized for the platform. The station also uses nickel-hydrogen bat-

teries identical to those designed for the platform. This commonality of hardware

results in design and development cost savings for the space station program.

The SD portion of the case5 power system generates about 50 kWe. The exact

size of each SD unit will depend on the power management and distribution (PMAD)

system efficiency. The SD units will use either the Brayton or Rankine system and

an offset parabolic concentrator. The exact design will depend on the results of

ongoing preliminary design studies. The detailed trade studies which helped define

the technologies of the case 5 hybrid are described briefly in another section of

this paper. These trade studies occurred at about the same time as the system level

studies previously described. Overall, the technologies for the photovoltaic sys-

tem are low risk and space proven, whereas the solar dynamic technologies offer

reduced drag and cost.

Photovoltaie System Technology Studies

Solar arraI. - Several array concepts were evaluated during the phase B

studies. They included planar arrays, simple flat mirror concentcators,

Cassegranian concentrators, and trough concentrators. Preliminary trade studies

considered all known degradation factors including optical, electrical, and mechan-

ical effects. Packing factors, pointing and structural requirements, number of

components, drag area, costs and technology readiness were also considered. On the

basis of these factors, a planar array with silicon cells was selected. A

Cassegranian array with gallium arsenide cells looked promising, but cell effi-

ciencies of about 30 percent were required to compete with the planar silicon

design. This cell efficiency is beyond that projected for production cells avail-

able at the start of the space station IOC array fabrication in 1988-1989.

The issue of deployable/erectable versus deployable/retractable arrays was

also studied. Combinations of types of array substrate, masts, construction

methods, on-orbit assembly methods, and means of integrating the substrate to the

mast were devised for study. Both articulated and continuous longeron masts were

considered. Evaluation factors included complexity of building and testing, cost,

on-orbit (extra-vehicular activity) assembly time, array ret_actab§.lity, mast
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stiffness, reliability, damagetolerance, repairability, atomic oxygen resistance,
technology readiness, and other factors. Whenall these factors were considered, a
planar, deployable, fold-out array with a coilable, continuous longeron mast was
selected. The array wing design for the station and the platform will be the same.
It will have two flexible blankets and a center mast. Each blanket will be stored
in a containment box/cover assembly during launch.

This array design is similar to the NASAOffice of Aeronautics and Space Tech-
nology (OAST)flight experiment, OAST-I (fig. 5). This solar array flight experi-
ment was performed on a space shuttle mission (STS41D) launched in August 1984. A
13- by 105-ft array consisting of 84 hinged panels was deployed and retracted on-
orbit several times. The array blanket panels were flexible. The deployment mast
was a coilable longeron type. This array wasbuilt by the Lockheed Missiles & Space
Company. To reduce cost, only three panels contained solar cells. If fully popu-
lated with cells, the array power output would be about 13 to 14 kWeat the wing root.

The OAST-I flight experiment was completely successful. It showedthat the
array behaved well dynamically. Its performance, in general, was as predicted, and
the solar cells were not damagedduring the mission. This flight experiment demon-
strated that this array type is technology ready and established that space station
planners can have a high degree of confidence in it. A more detailed description
of the array and the flight experiment results can be found in reference 3.

The OASTarray has several advantages comparedwith other array types. It is
lighter in weight and packs in a small volume for launch. It has sufficient stiff-
ness to meet space station structural and dynamic requirements. The flexible sub-
strafe is made from Kapton, which is transparent to infrared radiation. This allows
the solar cells to operate at a lower temperature and thus with higher power output
per unit area.

A disadvantage of the OAST-I array is its need for protection from the atomic
oxygen present at space station altitude. The Kapton substrate and other components
that contain epoxy (e.g., the mast longerons, the blanket hinge pins and containment
box, and several smaller components)are attacked by atomic oxygen. These compo-
nents, if unprotected, may have very limited lifetimes. The Space Station Advanced
DevelopmentProgram (ref. 4) is beginning a contract to demonstrate practical
methods to protect the array. The primary emphasis will be on coatings that are
resistant or inert to atomic oxygen attack. These coatings must also meet other
array performance requirements and must be compatible with other parts of the space
environment such as ultraviolet radiation and micrometeoroids. These coatings are
being developed by the Space Station AdvancedDevelopmentMaterials con_unity. The
planned array protection contract will provide an engineering solution to the atomic
oxygen problem. It will demonstrate that the protection methods are compatible
with array manufacturing and that they survive that process and still protect the
array. The most critical need is for the Kapton blanket.

If suitable coatings cannot be demonstrated, alternate blanket approaches are
possible. These approaches include laminating Kapton sheets over an inner layer of
material that is resistant to atomic oxygen or using aluminum as the substrate.
These approaches might result in higher weight and/or decreased cell power output
due to loss of infrared transmission through the substrate.

Solar cell. - Detailed solar cell assembly design options were studied: sil-

icon versus gallium arsenide; base resistivity; back surface field (BSF); infrared

(IR) reflector versus transparent back contacts; conventional top-bottom,
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wraparound, or wrapthrough contacts; cell size and thickness; and cover glass mate

rial type and thickness. Evaluation criteria were IOC and life cycle cost, devel-

opment status, and performance achieved by 1988-1989 when array fabrication wi]l

begin.

The array design features selected were N on P silicon cells with 2-_-cm

base resistivity, 8 by 8 cm size, 8 mil thick, IR-transparent gridded back contacts,

a BSF, and a wrapthrough front contact using a 6-mil cerium-doped coverglass. The

wrapthrough front contact and the large cell size reduce array assembly time and

cost. The gridded back allows IR transmission through the array blanket resulting

in higher array power output for a fixed area.

Silicon solar cells have been used on many spacecraft in the past. They have

extensive operational, assembly, and manufacturing experience. Although the

selected cell is larger than those used previously, it is still a very low risk

approach. The Space Station Advanced Development Program will demonstrate pilot

production of these cells in early 1987. Efficiencies of 14 percent are expected.

Ener__z_sto_es_zstem. - The PV system will store energy electrochemically.

This stored energy is needed during the dark portion of the orbit and for contin-

gency purposes when the power system cannot produce and/or deliver power. The

phase B studies showed that the inherent storage capability or residual energy of

the electrochemical system was adequate to meet expected contigency requirements.

Building in greater contingency capability would be unnecessarily expensive. Energy

storage options studied included nickel-cadmium (NiCd) batteries, a regenerative

fuel cell (RFC), and nickel-hydrogen (NiH 2) batteries.

NiCd batteries are established, flight-proven, low-risk devices. However,

their low depth of discharge results in high storage system weight. Space cells up

to I00 A-hr sizes have been produced so that development risk would be low.

The RFC uses a fuel cell and an electrolyzer to store energy in the form of

hydrogen and oxygen. In the dark portion of the orbit, the hydrogen and oxygen are

recombined in the fuel cell to produce water and electricity. During the lighted

portion of the orbit, excess array power is used to electrolyze the water and charge

the system with hydrogen and oxygen. The cycle is closed so that the fluids are

not consumed. The RFC is lighter than batteries and allows storage of large amounts

of contingency power with small changes in tank volume. Since the RFC is not as

efficient as batteries (60 percent compared with 80 percent), the solar arrays must

be larger. Also, the RFC is more complex (i.e., pumps, valves, etc.) and not as

reliable as batteries. RFC's also have higher heat rejection needs. Reliability

was a major consideration for the platform, where three years of operation without

repair were required. However, commonality between the station and the platform to

reduce development, resupply, and sparing costs was also considered.

The NiH 2 battery has been used in geosynchronous orbit (GEO) spacecraft

(fig. 6) in the individual pressure vessel (IPV) type. (The bipolar NiH 2 battery

has low technology maturity and was screened out by the early trade studies.) IPV,

3.5 in. diameter, 50 A-hr GEO cells are in production. Other sizes and capacities

are available using scaled-up versions of existing components. The uncertainty

with the NiH 2 battery stems from its charge-discharge cycle life. GEO spacecraft

experience only a fraction of the cycles that LEO spacecraft experience. However

the Space Station Advanced Development Program is beginning to test LEO cells with

a goal of demonstrating minimum 5 year lifetimes.
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As a result of the phase B trade studies, IPV NiH 2 batteries were selected
for the platform. Weight, cost, reliability, development risk, and schedule

requirements were the primary considerations. These batteries are about half the

weight of the NiCd batteries, lower in cost than NiCd batteries, and more reliable

than the RFC. An identical IPV NiH 2 battery was also selected for the station on

the basis of cost and con_onality with the platform. IPV NiH 2 was lower in IOC

cost and only slightly higher in life-cycle cost.

Solar Dynamic Technology Studies

The solar dynamic system consists (fig. 7) of an offset parabolic concentrator

mirror which focuses the suns heat into a receiver. The receiver stores the heat

in a salt (e.g., LiOH) and transfers it to a working fluid (e.g., toluene or helium-

xenon gas). The heated fluid drives a turbine which spins an alternator to generate

electrical energy. The turbine also drives a pump which recirculates the working

fluid. Excess heat is rejected to space by a radiator.

In the trade studies the two conversion cycles considered were the closed

Brayton cycle (CBC) and the organic Rankine cycle (ORC). These systems have not

been used in space, but a technology data base for the heat engines has resulted

from terrestrial and aircraft applications. Estimating costs, schedules, and other

factors during the phase B trade studies were therefore higher risk than for the PV

system.

Design considerations for the SD system studied in phase B and being developed

in the Advanced Development Program include low-gravity effects for two-phase (gas-

liquid) flow, heat flow and distribution in the receiver, lifetime for thermal

energy storage (salt) capsules, weight and optical quality of the concentrator,

pointing accuracy (0.I °) for the mirror gimbals, atomic oxygen protection, launch

packaging, on-orbit assembly, and other factors.

At the time of this writing both the CBC and the ORC systems were still being

considered. More detailed study is required because cost and performance are nearly

identical.

Power Management and Distribution Studies

The power management and distribution (PMAD) system must cope with load types

and sizes that will be unknown as the station users change and increase in number.

Therefore the P_iD system must be user friendly and adaptable to change and growth.

The PMAD system for the space station must resemble a terrestrial utility power

system rather than the PMAD system of previous spacecraft. Distribution voltages

higher than the 28 V previously used are mandatory to reduce losses.

During phase B, distribution frequencies of dc, 400 Hz ac, and 20 kHz ac were

studied. Component efficiency, size, and weight as well as technology readiness,

availability of space components, acoustic noise, electromagnetic interference, and

plasma coupling were all considerations. After much consideration, 20 kHz was

selected for the PMAD distribution frequency.

The overall PMAD architecture selected is a dual. ring system with 15-kWe busses

supplying power to I0 load areas on the upper and lower keels and on the transverse

boom. Busses supplying the manned modules are rated at 30 kWe. The PMAD system

contains numerous switching and control assemblies, as well as a control system for
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sensing and commanding the loads. Isolators and power controllers will sense faults

and protect the system.

SUMMARY

The present space station program traces its roots back before the dawn of the

space program. The station configuration and the power system for the present pro-

gram have been studied extensively in the feasibility and definition phases.

The hybrid power system selected will meet initial and future station and

platform requirements. The 25-kWe PV system (57-kWe array power) will be larger

than any system flown to date. The SD system will facilitate economics and growth

for the power system and the station. The PMAD system enables a growable, balanced

utility system approach to maximize user friendliness.

The technologies selected for PV, SD, and PMAD result in the lowest IOC cost

and life cycle costs with acceptable development and schedule risk. This hybrid

system also meets progran_atic and technical considerations driving the power system

definition. The space station power system may set the standard for future space-

craft power systems.
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TABLE I. - SPACE STATION SYSTEM POWER REQUIREMENTS

Element

Manned

cove

Polar

platform

Co-orbiting

platform

User power average,

kWe

Initial

operational

capability,

(lot)

75

8

Growth

capability

3OO

15

23

User power peak,

kWe

Initial

operational

capability,

(lot)

I00

16

Growth

capability

350

24

23
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FIGURE 1. - A S T A T I O N  I N  SPACE; A 1952 CONCEPT. 

F IGURE 2. - SPACE STATION COMPLEX. EARLY 1990's. 
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FIGURE 3. - SPACE STATION DUAL KEEL CONFIGURATION 1986. 
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FIGURE '4. - CASES EVALUATED FOR SPACE STATION P O K R  SYSTER. 

330 



. --.- 

FIGURE 5 .  - OAST-1 SOLAR ARRAY FLIGHT EXPERIMENT. 1984 
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FIGURE 7. - SOLAR DYNAMIC SYSTEM S C H E M T I C .  ORGANIC RANKINE CYCLE.  
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SPACECRAFT 2000 - lie CHALI.ENGE OF IHE FUIURE

Henry W. Brandhorst, Jr., Karl A. Faymon, and Robert W. Bercaw
NASA Lewis Research Center

Cleveland, Ohio

Considerable opportunity exists to substantially improve the systems, sub-

systems, components, etc., included in the spacecraft bus, the nonpayload portion

of the spacecraft. There are a broad range of technology advancements which can be

brought to bear to reduce mass and cost and to increase lifetime and reliability.

Over the past several years, the NASA Lewis Research Center has been working with

industry, other NASA centers, and the Department of Defense (DOD) to define a new

initiative that would focus on these issues, while at the same time forging new
industry/government relationships that can lead to substantial benefits for both

parties• The steps followed to date, the challenges being faced by industry, and

the progress toward establishing a new NASA initiative which will identify the tech-

nologies required to build spacecraft of the 21st century and which wlll implement
the technology development/validatlon programs necessary are described in this
paper.

INTRODUCTION

Historically, the primary focus of a spacecraft designer's attention has been

the payload, and thls seems most reasonable. After a11, the payload is the primary

purpose for the existence of a satellite• However, this mode of thinking inevitably

leads us into a delicate trap• The emphasis placed on increasing the sophistication
of the payload (often at substantial risk) in order to accomplish the desired mls-

sion, tends to decrease the attention paid to making substantial improvements in

the spacecraft bus. Figure l demonstrates that the payload comprises only one-
fourth of the total geosynchronous (GEO) spacecraft mass and the ratios are similar

for low-Earth orbiting (LEO) spacecraft. Unfortunately, spacecraft managers are

less concerned with the potential benefits than the risk of making substantial
changes in the bus portion of the spacecraft. It is only when the mass of the

spacecraft approaches launch vehicle capacity that investment in new spacecraft bus

technology becomes compelling One e .... i_ o_ _hi_ i_ fh_ d_v_Inpmpnf by CnMSAT
Laboratories and the U.S. Air Force (USAF) of the individual pressure vessel nickel-
hydrogen battery for geosynchronous applications.

In addition to being three-fourths of the spacecraft mass, the bus (defined as

power, thermal management, auxiliary propulsion structure, attitude control, and
telementry, tracking, and control (Tl & C) incurs about one-half the satelllte's

cost (pretest and checkout). Cost is, of course, the major challenge to be met.

In the commercial world, reduced cost means enhanced revenue or increased competi-
tiveness. Figure 2 shows data demonstrating the sixfold reduction in INIELSAI

utilization charges over the past two decades. In the competitive communications

business, cost reduction Is essential to profitability.

Cost reduction plays an important role in other classes of satellites - from

commercial ventures in low--Earth orbit to satellites whose sole goal is scientific
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knowledge. For these, cost reduction is often essential to a profitable product or
the ability to fly the mission. Other major factors, such as increased performance,
which enter into the arena as well will be addressed later.

In late 1984, it became apparent that a new kind of government-supported pro-

gram, one that focuses on the spacecraft bus and enhanced Industry-government part-

nership, might be in the nation's best interests. Over the past two years, we at
NASA Lewis Research Center have been pursuing a path which we hope will lead to a

major new initiative for NASA. It is appropriate now to review the steps that have

been taken and the progress that has been made toward this goal.

PROGRAM DEVELOPMEN1

The decision to pursue developing this new initiative resulted from a series
of visits that the Lewis staff paid to industry in the spring of 1985. The objec-

tive was to obtain Industry's view of the critical problems it was facing in its
satellite business ventures. Nine organizations were visited as shown in figure 3.

The range of business orientation spanned government (NASA and military), commercial
communications, and communications operations. Critical concerns were identified.

These included reducing spacecraft related costs and subsystem weights, increasing

system lifetimes and reliability, and reducing technical risks. It is important to
note that each company saw specific future technical needs somewhat differently.

However, there was consensus that there was a real need to address the development

of the spacecraft bus technologies.

The initial program focus was aimed at the broad range of satellites that fall

generally into the classification of mass-llmlted missions. These include GEO
satelllte's and platforms, LEO polar satellites and platforms, and planetary space-
craft. This distinction, while somewhat arbitrary, is certainly helpful program-

matlcally. It is also obvious that advances made in one class of satellites will
be transferable to others.

It should be noted that mass-llmited missions really reflect Earth-to-orbit

booster limitations. This is most clearly shown in figure 4 which demonstrates the

situation in power. For this figure, the power was computed from the known mass-to-

GEO capability of the booster stage (IUS or STS/centaur), the 25 percent mass due

to the power system, and the specific mass of the power system. Current technology
benchmark was taken as the TDRS power system which was 7.2 W/kg for solar array,

battery, cabling, and power management. With present technology a stringent limit

is placed on the power available in orbit. Advanced technologies can substantially
eliminate such restrictions. It is important to note that a 40 W/kg power system

could be built from technologies currently under development by NASA OAS1 (figure
5). Similar advances are possible in all other areas of the spacecraft bus. It is

entirely possible to double the payload mass fraction by focusing attention on

improvements in the bus and in the design of spacecraft. This additional mass can

be used to enhance reliability, add lifetime, or increase revenue.

Finally, it was also clear from these visits that international competition

was becoming intense and aggressive. A cursory examination of foreign developments

in power and electric propulsion showed significant activity that was promising

enhanced capability. For example, figure 6 denotes the activity in European solar

array development overlaying a projection by Pierce (RCA) of satellite power needs

up to the next century. The European solar array developments are all available
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today (they are arbitrarily distributed over time to showdetail). Similar U.S.
array developments have been minimal. Figure ? demonstrates the increased voltage
of European satellites in contrast to the 28 Vdc U.S. standard. Increases in vol-
tage permit substantial reductions in cabling mass. Figure 8 shows the flights of
electric propulsion systems by foreign sources, while U.S. technology has been dor-
mant for nearly two decades.

With these examples, it is clear that there is great potential for substantial

improvements in all areas of the spacecraft bus. Industry and government agree.
lhe question is "how to proceed?"

PROGRAM APPROACH

The first step was to establish a steering committee comprised of industry,
several NASA centers, and critical DOD organizations. This group reached agreement

on several key points. First, they emphasized that a government/Industry

partnership was desirable and in the nation's best interest. The hope is that a

government/Industry relationship can be developed in the space arena which parallels

the one that exists in the aeronautical arena. In this partnership the government
supports hlgh-rlsk research; industry takes the results and turns them into com-

mercial advances. The challenge is to expand the technology avallablllty time
horizon of industry and to bring government-sponsored research more near term.

Secondly, a total system approach at the spacecraft level should be used to
define technologies for development. The technology developments should be focused

and a combination of existing, modified, or new NASA and industry IRAD programs.

_he challenge will be to maintain proprietary rights within the company and to
establish a program wherein participating organizations would develop those tech-

nologies that they view to be in their best interest. The program is not envisioned

to be the traditional program in which a system is defined (e.g., a 40 W/kg power

system), and a competition ensures with an organization ultimately being selected
to perform the work. It is clear that many challenges must be overcome to make

this approach a reality.

Next, many supporting technology issues may also have to be addressed - manu-

facturablllty, testing, servicing, supportability, etc. It will be essential to

understand the operating environment of the 21st century and how it will influence

satellite design. Equally important is the use of autonomy (in orbit, support,

etc.) in sate!!!te development and operation to permit a better product at a reduced
cost.

Finally, the industry/government steering committee indicated the need for

validating technology using terrestrial and/or In-space testbeds. This would

include space act agreements covering the use of government-owned testbeds and

Judicious in-space testing as absolutely necessary.

The steering committee support for this new initiative has been outstanding

and enthusiastic. All participants have shown a keen desire to create a new mode

of operation that will enable the prompt introduction of new technologies and new
ways of building and operating future spacecraft.
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IHE WORKSHOP

As part of developing the Spacecraft 2000 initiative, a workshop was held July

29-31, 1986 in Cleveland, Ohio. The objectives of the workshop were to identify

the critical needs and technologies for spacecraft of the 21st century and to recom-

mend technology development/validatlon programs and possible government/industry

roles and partnerships. Forty-two organizations from both government and industry

participated in the workshop. As a common base, plenary sessions delineating space-

craft needs and trends and outllng the expected space infrastructure for the year

2000 were presented. Nine working group sessions covering all critical spacecraft

bus technologies and systems were conducted. Each group was cochalred by industry

and government representatives. In each of these working group sessions, critical

technologies were identified. It was evident from the output of the groups that a

bridge is required for new technologies to reach flight readiness. The need for

government-sponsored terrestrial and/or In-space test beds for technology validation

was also emphasized in each of the reports. During the course of the workshop, the

steering committee also deliberated on government/Industry relations to find common

ground and a satisfactory approach for the program. Enthusiastic industry and

government support for the Spacecraft 2000 program was evident. This workshop

represents the first step in establishing the foundation for a new initiative to
assure the broadband advocacy by all participants and to define a new partnership

between government and industry that will lead to future enhancement of the space-

craft industry.

CONCLUSIONS

It is clear that the potential exists for major gains to be made in spacecraft
of the 21st century. Specifically, the mass fraction of the payload could be

doubled through substantial reductions in the bus mass fraction. This can be

accomplished along with significant reductions in cost and increases in lifetime
and reliability. Additional advances are anticipated in manufacturabillty, testing,

servicing, and supportability. These benefits apply to all spacecraft (NASA, DOD,
and commercial) and to areas such as communications, Earth observation, navigation,

rescue, air traffic control, etc. The resulting cost reductions and performance

improvements of this program will enable new cost-effectlve missions and allow

enhanced competitiveness in world markets and with terrestrial alternatives.

A NASA/DOD/industry steering committee is intent on forging a new government/-
industry relationship that results in benefit to both and minimizes the liabilities.

The hope is to create in the space business a government/Industry relationship
similar to that found in the aeronautical business. The challenge (and the vision)

is to construct a program that allows individual organizations to develop and vall-

date critical technologies by judiciously using government, IRAD, and some corporate
funds and to maintain their proprietary rights thus enhancing both their intraand

international competitiveness. All parties can win, and the world can benefit from

the successful conduct of this program.

Support for this new NASA initiative, Spacecraft 2000, is growing in industry
and in government. The next year will be important, as the 1986 workshop will pro-

vide the technological foundation and the basis for government/industry relation-

ships. The multifaceted advocacy can then be undertaken that could result in a new
initiative as early as 1989.
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Webelieve the Spacecraft 2000 initiative addresses the major needs and tech-
nological drivers for the spacecraft of the 21st century. Weall must work together
to bring this vision of the future into being for the national best interest.

337



SPACECRAFT BUS TECHNOLOGY
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SPACECRAFT 2000 INDUSTRY VISITATIONS
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ADVANCED GEO POWER SYSTEM TECHNOLOGY

400 I

300 w

MASS

(kg)

200 -

lOO -

o

PRESENT

(7.2 W/kg)
TDRS

DC WIRING

HARNESS

BATrERY

SOLAR

ARRAY

2600 W BOL

FUTURE

(50 W/kg)

PGU

f 50 I_t SILICON CELL

ARRAY

/ HIGH VOLTAGE

GRAPHITEf

_/ HARNESS

PCU"-_ "-- i / BATTERY

I i _"SOLARARRAY

II_IA NQ lira t_ll4lPm

Figure 5.

EUROPEAN SOLAR ARRAY TECHNOLOGY

EOL
POWER

KW

6

2

0

IJIlJRANG E

1004)

_$_ " _,R_LSA T)
_ O ARA ILSA

.,,- "" 8POT
I I I I I -

1980 1985 1990 1995 2000

YEAR

Figure 6.

340



SPACECRAFT BUS VOLTAGE

BUS

VOLTAGE

V

60 _,'"_ EUROPE

40 _AT

20 _USA

1966 1974 1982
Figure .

ELECTRIC PROPULSION PROGRAMS

U,S.

| I ! i i i | • a i t ! i i t i i i i I I I

_/ Funded effort "/z//i,/'z/z/,,/,/'.,///./'./'./'/1/1./'./',/'./'//7"//_/_

_. Flights Z_ A _"

USSR _

_ Europe

Japan ZI

)

! I f
65 70 75

YEAR

8O

A

Figure .

341



 87-26449

ELECIRODYNAMIC IETHER

Michael Patterson

NASA Lewis Research Center

Cleveland, Ohio

An introduction to Electrodynamlc Tethers and the NASA program in this area is

offered via an agenda of five topics:

a. Tether Applications in Space (TAS) Program

b. Mechanical Considerations on lethered Satellite Systems

c. What is an Electrodynamic Tether System?
d. Ground lests and Theoretical Studies

e. Flight Demonstrations, Current and Planned

The purpose of the presentation was to introduce the program, players, and
basic concepts to the nonlnltlated. Applications of the tether concept are rapidly

growing in sophistication and complexity. An international program involving the
governments of the United States and Italy is currently under way. A major

experlment/demonstratlon, the Tethered Satellite System (1SS-l) is being built to

demonstrate the following:

a. Deployment and Control Dynamics

b. Electrodynamic Power Generation

Other experiments planned, including a tethered wind tunnel to explore the

more difficult to reach regions of the Earth's atmosphere.

lethers hold promise for a variety of useful space applications.

Electro-dynamlc tethers depend upon the interactions between a moving insulated

conductor and the Earth's magnetic field. An electric field is generated along the

tether as in a conductor moving in the magnetic field of a generator. If the

circuit is closed to the ambient space plasma via a plasma gun or other equivalent

device, a current is enabled to flow in the tether, and electric power is generated

at the expense of orbital mechanical energy. The net effect is a decrease in the

altitude of the orbiting tethered system. The situation can be reversed by driving

current against the electric field via an external power supply such as a

photovoltalc array. In this case, the electrical energy delivered by the external

supply is converted into orbital mechanical energy, the net effect being an

increase in the altitude of the orbiting tethered system. Further details of this

process and the means for closing the circuit to the ambient space plasma were

presented.
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GaAs HIGH EFFICIENCY LIMITS/GEOMETRIC ENHANCEMENTS

Mark Spitzer (Workshop Chairman)

Spire Corporation

Bedford, Massachusetts

This workshop addressed efficiency improvements that may be obtained in GaAs

solar cells. The cell designs considered by the group ranged from conventional

planar structures to novel devices employing superlattices or point contacts. This

review will summarize the topics considered and will conclude with recommendations.

PLANAR CELLS

Planar GaAs cells have achieved AM0 efficiency of over 21% and the group con-

sensus was that somewhat higher efficiency might be obtainable. The optical losses

may be reduced by surface texture and by using low-obscuration metallization.

Recombination may be reduced by improving the hetero-lnterface and space-charge
region. It was pointed out that the Lincoln Laboratories' AIGaAs-GaAs hetero-

junction cell yielded a high diode ideality factor and a fill factor of 0.87. It

would be interesting to determine how such fill factors can be obtained in hetero-
face cells.

The group discussed the manner in which the conversion efficiency of produc-

tion heteroface cells might be improved. Reduction of window layer thickness was

cited as a factor that would improve ones ability to form high quality antireflec-

tlon coatings on LPE cells. The GaAs-on-Ge approach was cited as a way to improve

the power-to-weight ratio. Simplification of the production process was also iden-

tified as a desirable goal. Such simplification might be obtained by eliminating

the need for buffer layers prior to epitaxy. It was suggested that a further sim-

plification would be obtained if the window layer could be grown directly on the
substrate, which would form the base.

POINT-CONTACT AND OTHER IBC APPROACHES

Both Si and GaAs back contact designs were discussed. The radiation sensi-

tivity is an especially important factor for such cells and it was agreed that more

radiation testing and modelling are needed. It is generally assumed that concen-

trator systems provide enough shielding to circumvent radiation sensitivity; how-

ever, it was noted that this assumption may be invalid in many specific cases. It

would therefore be useful to quantify what is meant by shielding in a concentrator

system.

It was pointed out that back contact approaches are useful in III-V mate-

rials, owing to a need for co-planar, low shadow loss metallization. Structures of

this type would be useful in thin-film approaches such as C.L.E.F.T. There was no

consensus on the upper limit to the efficiency of point-contact GaAs cells, although
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it was agreed that such cells could be at least as efficient as planar front

junction cells. There was some evidence presented suggesting that polnt-contact

and grating cells would be more efficient than planar cells.

SUPERLATTICE CELLS

The workshop considered several superlattlce structures, including nlpi and

compositional approaches. It was agreed that a more fundamental understanding of

such devices is necessary before an evaluation can be made. For the nipi approach,

it is necessary to justify the assumptions of increased radiation hardness. The

composition superlattice approach requires more data on optical properties. In

both cases, practical problems in fabrication need to be considered.

RECOMMENDATIONS

There was a consensus that research on improved efficiency should continue.

It would be desirable to have a plan for transferring laboratory results to produc-

tion cells.

To better understand point contact cells, it is necessary to predict or

measure performance in radiation environments. It is therefore recommended that

the radiation environment within a concentrator be quantified for orbits for which

concentrator systems are intended. Radiation testing and related modelling should

be carried out to determine whether these cells have a role in space.
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DEVICE MODELING

N8 7- 26 45 1

Richard Schwartz (Workshop Chairman)

Purdue Unlverslty

West Lafayette, Indiana

This is the summary report of the activities of the device modeling workshop

which was held as a part of the Space Photovoltaic Research and Technology

Conference at the Lewis Research Center, October 7-9, 1986. A partial list of the

participants in the workshop is attached as Appendix A.

The ptirpose of this workshop was to access the status of solar cell device

modeling to see if it is meeting the present and future needs of the Photovoltaic

Community working on the development of space solar cells.

During the course of this workshop the following questions were addressed:

1. How are present models being used?

2. What models are now available?

3. Why does one use finite difference, finite element or Monte Carlo methods?

problems are associated with each of these techniques?

4. Is the existing database adequate?

5. What additional experimental work is needed?

6. What additional theoretical work is needed?

7. How do you model superlattice devices?

8. Should dial-up access to detailed numerical models be provided?

9. Can or should detailed models be applied to radiation damaged studies?

What

Model Uses

Solar cell models find application throughout the cell development cycle. They

are used as a design guide both for determining the factors limiting present

performance of solar cells as well as providing comparison between competing solar

cell designs. Models are used for performance prediction for cells which have not yet

been built, operating under conditions for which they have not been tested. An

example of this is the comparison of vertical junction cells, etched junction cells,

conventional cells, and IBC cells, from one sun to a thousand suns, carried out for
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Sandia using two dimensional silicon models. Models find extensive use in the analysis

of experimental data. The more detailed and complex numerical models are

frequently used to verify simpler analytic models to establish their validity and to

establish the conditions under which the simplier models give valid results.

Types of Models

Analytic

In general analytic models are those for which sufficient simplifying assumptions

have been applied such that closed form solutions to the equations can be found.

These types of models have the advantage that they require relatively little

computing time. The existence of closed form solutions allows for easy intuitive

examination of the application of a model. The disadvantage is that, in many cases,

the many approximations needed to reduce the complexity to the point where analytic

solutions apply, has over simplified the problem to the point where significant effects

have been ignored.

Numerical

Detailed numerical solutions require far fewer approximations, and hence, can

deal with many physical effects simultaneously. This means that many of the

interactions which occur in a solar cell can be modeled in some detail. One can

expect to get excellent agreement between the model and experiments. Numerical

models allow for a much more detailed physical description. On the other hand, they

are usually far more complex than the analytic models, and as consequence, are less

intuitive and certainly much more compute intensive.

Numerical Techniques

Finite Difference

Finite difference techniques are among the simplest way to numerically solve a

set of simultaneous differential equations. However, they are, for all practical

purposes, restricted to the treatment of solar cells which can be described by

rectangular geometries. They are capable of computing current-voltage curves under

light and dark conditions, spectral response, and can deal with a variety of spectra,

under all conditions from low light intensity to one thousand sun conditions. They
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provide a means of examining, in extreme detail, all of the operating mechanisms that

are known to influence solar cell performance. The solutions are performed contact to

contact. That is, they describe the entire operation of the solar cell without having

to segment it into regions.

Finite Element

Finite element techniques are capable of handling non-rectangular geometries

and would be useful for describing solar cells such as the V groove or polka dot cells.

The finite element technique is one that is frequently employed in stress analysis. It

is somewhat more complex than the finite difference technique, but, is capable of all

the computations that a finite difference technique can handle.

Monte Carlo

The Monte Carlo formulation involves describing the operation of a solar cell at

the particle level. It amounts to tracking the projectory of individual electrons and

holes. It's a technique which can be employed to describe the operation of a device

when hot carriers are present such as might occur when abrupt hetero structures are

employed in the device design or when feature size becomes so small that classical

drift and diffusion equations no longer provide an adequate description. The Monte

Carlo technique is extremely compute intensive, and in general, requires very fast,

very large computers or very long computer run times or perhaps both. One

additional difficulty is that it involves twice the number of dimensions that either the

finite difference or finite element techniques require, since one must use both real

space and reciprocal space in the calculations. The technique is also not an efficient

method of computing current flow through a PN junction. (It may be possible to find

ways to circumvent this problem.) The Monte Carlo technique is applied only in

those cases where other more conventional approaches break down. It is unlikely to

be used for full contact-to-contact calculations or for the computation of current-

voltage curves and spectral response as are finite difference or finite element

technique.
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What Are The Modeling Needs Of The Photovoltalc Community?

Two Dimensional (Three Dimensional)

There are a number of conditions under which two (or three) dimensional

analysis are required. Cells which have non planar geometry such as a V groove,

vertical junction, or point contact cells will require at least two dimensional and

perhaps three dimensional models for an adequate description of their performance.

Even conventional cells require two dimensional models when operated under high

concentration.

Time Dependent Models

Time dependent models, that is those which are capable of modeling transient

response, are useful for the analysis of some diagnostic experiments applied to solar

cells in which a light or bias conditions are pulsed.

Other Materials

In addition to silicon and GaAs, other materials are being considerd for future

application for space cells. These include a wide range of III-V materials as well as

thin film materials such as amorphous silicon and CuInSe 2. The physics of operation

of the thin film materials is significantly different from that of bulk silicon and GaAs

single crystal materials. Models appropriate to thin film devices should be developed.

Such models would serve as a useful aid in the design of these devices as well as in

the selection of competing device designs and materials.

Database

Considerable discussion occurred as to the adequacy of the materials parameters

database. Materials which were considered were silicon, III-V semiconductors,

amorphous silicon-germanium and CuInSe 2. For the most part, an adequate database

exists for silicon, and, with some noteable exceptions, for the III-V materials being

considered for space applications. A possible exception is the data pertaining to InP.

In the case of the amorphous silicon materials and thin film CuInSe 2, it was felt that

the existing database should have considerable improvement. Among the materials

parameters of interest are: the absorption coefficient, as a function of wave length,
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composition, and doping; the bandgap is a function of composition and doping; the

mobility is a function of composition and doping; and the recombination parameters.

In the case of recombination centers, it's imperative to have information about

density, energy level, and capture cross sections as a function of position, doping and

radiation conditions. For Auger recombination, the auger coefficients need to be

known. It was pointed out that a single parameter such as the surface recombination

velocity is probably not adequate for very good device modeling, the surface

recombination is a function of operating conditions and fabrication procedures.

Device Modeling Under Radiation Damage Conditions

Considerable insight and improvement in radiation hard solar cell designs should

result from very careful detailed numerical modeling of solar cell operation in the

presence of radiation damage. Some concern was expressed about whether or not

enough information was known about the defect structure. Can the defects be

characterized adequately with regard to energy levels, capture cross sections, and

spatial distribution to be used in numerical codes? The existence of a model which

could adequately handle radiation damage would be useful in the analysis of radiation

damage experimental data, as well as in the design of radiation hard solar cells.

Superlattice Models

The modeling of superlattices as used in solar cells is in the very early stages. A

great deal more work will need to be done before these models are useful in the design

or analysis of solar cells.

Dial-Up Availabilit)'

It was felt that easy access to a detailed numerical code would be very useful,

both for the solar design community, and for people tempting to verify the validity of

simplier analytical models. However, some concern was expressed about having

someone use these codes who was not expert in their use. Improper specification of

input can lead to erroneous output.

35]



Appendix A

Name Company

Dean Marvin

Brian Good

Chris Kearney

Delores Walker

Jerry Silver

Rosa Leon

Dick Statler

Gerald Crotty

Chandra Goradia

Tim Courts

James R. Woodyard

Allen Barnett

Edward Y. Wang

Ralph Clark

Richard J. Schwartz

Aerospace Corporation

NASA LeRC

Spire

Naval Research Lab

Solarex Aerospace Division

NASA

NRL

JPL

Cleveland State University

SERI

Wayne State University

Univ. of Delaware

Arizona State University

Cleveland State University

Purdue University
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Executive Summary

A workshop on solar cell modeling was held at the Space Photovoltaic Research

and Technology Conference on October 7, 1986. The conclusions of this workshop
were as follows:

lo Solar cell models are a vital tool in the development of more efficient reliable and

radiation hard solar cells, they find application throughout the entire cell

development cycle.

. While the silicon solar cell models are well developed for both one and two

dimensional requirements, there is a need for further development of models

which will handle non-rectangular geometries, such as those found in V groove

cells and point contact cells.

. Applications involving concentrator cells and new cell designs, such as the point

contact cell, will require two and even three dimensional modeling for the

efficient design of these cells.

. The prospects for using new materials, such as InP and amorphous silicon for

space applications, requires that existing models be extended to these materials.

Since physics of operation of thin film amorphous cells is significantly different

from that of single crystal cells, extensive model development will be required.

. An opportunity exists in the design of radiation hard solar cells and in the

prediction of their degradation due to radiation damage for the coupling of

known radiation damage mechanisms with existing detailed numerical models. It

is expected that development of radiation damage models using detailed

numerical code would allow for comparison of competing designs and accurate

prediction of the degraded properties of radiation damaged cells.

G. Modeling of superlattice solar cells is in the very early stages and will require

considerable work before these models can be used reliably for solar cell design.
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N87-26452

HIGH POWER/LARGE AREA PV SYSTEMS

Joseph Wise (Workshop Cochalrman)
AF Wright Aeronautical Laboratories

Wright Patterson AFB, Ohio
and

Cosmo Baraona (Workshop Cochalrman)
NASA Lewis Research Center

Cleveland, Ohio

New power requirements in the 50 to lOOkW range will be needed prior to the
year 2000. The photovoltaic power system option should be developed to meet these
needs because of the PV System's proven record for long life, performance, and
reliability with no single point of failure in a matrix of series and parallel
connected solar cells and modules. In addition, the PV system has high potential
for increased efficiency and survivability as well as lower weight and cost.

The workshop generated and ranked the major technology drivers for a wide
variety of mission types (see Table I). Each technology driver was ranked on a
scale of high, medium, or low in terms of importance to each particular mission
type. The rankings were then compiled to determine the overall importance of each
driver over the entire range of space missions. In each case cost was ranked the
highest. This led to the general concensus that system cost is the most important
driver for high power PV systems.

Each mission also requires different critical capabilities from the solar
array. Weight is of paramount importance to high altitude missions while others
may be driven by the needs for survivability, radiation resistance, minimum drag,
or low cost. For these reasons it is felt that two major photovoltaic solar array
developments are required - lightweight planar solar arrays for minimum weight and
area for low cost high orbit insertion and concentrator array technology for im-
proved survivability and radiation resistance as enabling technology for survivable
mid-altitude orbit missions as well as lower cost technology in the application of
very high efficiency solar cells. These developments must be accompanied by im-
provements in electrical energy storage and power processing to minimize the weight
of the entire power system. There are several solar cell concepts currently under
consideration in research and development. Because of the long process needed to
gain acceptance for a new or modified solar cell type, we must choose carefully
which one or two have sufficient promise and improved performance to merit the
large resources needed to reach technology readiness and producibility.

The developments needed to exploit the lightweight planar solar array potential
are shown in Figure I. This starts with the development of thin high efficiency
cells and definition of solar array concepts and designs which can support these
cells for high power missions. As power levels increase the need for modularity
and on-orbit assembly becomes greater because the complete satellite may not be put
into orbit in a single launch vehicle and on-orbit assembly is required. Also,
because high power missions represent a large investment, provisions for main-
tenance and servicing will need to be incorporated in new system designs. As power
levels increase, the voltage at which power is generated, transmitted, and utilized
must also be increased. This increases the probability of interaction with the
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space environment such as leakage to the plasma, arcing due to charge buildup, and
contamination of array surfaces. Also, new cell types such as GaAs and InP have
demonstrated the ability to recover performance degraded by particulate radiation
through relatively low temperature annealing. This capability should be further
investigated and exploited in solar array design for operation in high radiation
orbits.

Development of concentrator photovoltaic arrays requires more design and test-
ing since it is a new development without prior flight experience, and the perform-
ance required from them is greater. The developments and tests needed are shown in
Figure 2. The pointing requirements are in the neighborhood of _+I degree which is
certainly within the state of the art of pointing and tracking systems. Difficulty
may arise, however, in keeping a very large area array (5-10 sq. meter/kW) oriented
to this accuracy when warping or thermal effects cause bending or distortion of the
panels. Also, the concentrators are expected to provide shielding to increase sur-
vivability from natural and threat irradiation exposure. These effects need to be
modeled and tested. The resultant hardware designs need extensive ground testing
such as thermal cycling. They also need space flight testing to determine inter-
actions with the orbital environment, especially plasma and contamination from
debris associated with large space vehicles - dust, effluents from altitude control
and propulsion thrusters. One of the techniques needed for survivability is
autonomy - independence from ground station control. This is a new technology that
is just now being investigated. It is more likely to be incorporated into second
generation concentrator array technology. One of the more important attributes of
concentrator arrays is their potential for high efficiency at low cost because the
cell area is only about I% of the collector area of the array. Thus the cell costs
associated with the greater number of processing steps needed for high efficiency
multibandgap solar cells are minimized. Each of these new cell types may require
customized interconnect, mounting and cooling assemblies to operate for extended
periods in space. This also may be second generation technology.

It is apparent that all of the effort outlined in the previous two figures can-
not be accomplished instantly and not necessarily in single programs. They are,
therefore, divided into three major thrusts as shown in Figure 3. The design con-
cel)t development is the R&D needed to implement a high power array for a specific
vehicle configuration and should be undertaken when the orbit, mission, and poten-
tial vehicle characteristics can be specified.

The operational issues cited are for the development and testing needed to
intelligently design a high voltage, high power solar array. Defining them in-
volves close work with environmental specialists in modeling of environmental
interactions with various hardware configurations and flight testing to both
measure the environmental species present and their interaction with the experi-
mental array hardware.

The cell module design and development is that work needed to demonstrate that
a particular cell type can be applied to a solar array concept, planar or concen-
trator. This includes determining the radiation resistance, thermal characteris-
tics, and performance parameters of the cells and fabrication and testing of mod-
,Jles utilizing these cells. Under this thrust we need to choose which concepts
should be developed for thin large area, high efficiency cells for planar applica-
tions and which are suitable for concentrator applications. These module develop-
ments need to be compatible with the large array design concepts but are not neces-
sarily a part of the large concept developments.
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Importance of

TABLE1

Technology for High

Mission Type

Electric
Technology Driver Propulsion Planetary

Cost 1 l

Conversion Efficiency 2 2

Weight l 1

Environmental
Interactions 1 2

Heat Rejection 2 2

Life (reliability 5-10
yr/maintenance in LEO) 2-3 1

Military
Survivability 3 3

Array High Voltage 1 2.5

Robust 2 2

Radiation Resistance 1 3

GEO

1

1.5

1

Power

LEO

1

l

3

Missions

Surveillance

1

1

2

2

1

2

1

2-3

3

1.5

Total Pts.

5

7.5

8

8

9

9.5

lO

I0

II

II .5

Technology Ready by year 2000 Importance Scale:
1. Hi gh
2. Medium
3. Low

Ranking:
I. Cost
2. Efficiency
3. Weight & Environmental Interactions
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DEVELOPMENT NEEDED FOR LIGHTWEIGHT PLANAR ARRAYS
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TECHNOLOGY THRUSTS - THREE MAIN THRUSTS

DESIGN CONCEPT DEVELOPMENT

- LAUNCH SCENARIO

- STOWAGE, ASSEMBLY, DEPLOYMENT, ORIENTATION, POWER

THRUST, AUTONOMOUS CONTROL, VEHICLE INTERACTIONS,

STRUCTURE, MATERIALS, TECHNOLOGY

0 OPERATIONAL/ISSUES

- LIFE, RADIATION, ENVIRONMENTAL DEBRIS, 02,
CONTAMINATION, THERMAL CYCLING, MISSION CONSTRAINTS

0 CELL MODULE DESIGN AND DEVELOPMENT

- EFFICIENT EOL WEIGHT, RADIATION RESISTANCE

COST, THERMAL EFFECTS

- GROUND/FLIGHT TESTS

LARGER CELL/MODULE SIZE

NEW APPROACHES OF DESIGNS

- THIN SYSTEMS, THIN MBG A-SI, GAAB ON GE, CLEFT

FIGURE 3
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OPPORIUNITIES FOR PV APPLICAIIONS

N87-26453

3ohn A. Scott-Monck (Workshop Cochalrman)

Jet Propulsion Laboratory

Pasadena, California

and

W. Patrick Rahllly (Workshop Cochairman)

The Aerospace Corporation

Los Angeles, California

Rather than dwell on the obvious future applications that could be satisfied

by photovoltaics (PV), the workshop members devoted the majority of the time to

discussing future prospects for technology support. PV has provided power for

almost every spacecraft launched in the free world during the past 25 years. Over

this time, PV has demonstrated impressive growth in power level, operating lifetime

and specific power (W/kg and W/m2). Yet, the current attitude toward this reliable

form of space power generation is likely to preclude further dramatic performance

gains in PV.

CURRENT STATUS

Tnis paradoxical situation has been largely brought about by the success that

PV has enjoyed. The tremendous increase in spacecraft traffic and their very high

unit cost has occurred in part because a reliable power generation approach, PV,

has been demonstrated and proven in space. However, in order to reduce the risk

involved in operating a high cost spacecraft, decisions on the subject of new PV

technology are mostly resolved in favor of heritage rather than performance. This

management approach has acted as a brake on PV progress at the spacecraft level,

thus leading to the current unfavorable perception of PV.

The perception of PV at the organizational levels where technology support

decisions are made seems to be that it is a mature technology with limited growth

potential. In turn, this has caused attention to be given to unproven space tech-

nology competitors such as nuclear reactors and solar thermal dyHamic systems. This

perception has led to a severe decline in funding support for PV with no clear indi-

cations that the trend will be reversed in the immediate future, a self-fulfilling

prophecy.

Because these competing power generation approaches have not yet operated in

space, it is relatively easy for their proponents to forecast performance charac-

teristics that are significantly superior to the state-of-the-art PV systems now

powering operational spacecraft. Here, too, the success of PV acts to prevent its

proponents from optimistically projecting performance characteristics that meet

the forecasts of the competing systems because there is an existing base of sound

information available for PV performance forecasting. Unfortunately, the decision

maker has no way to factor in the inherently conservative attitude of the users of

space PV which has acted to significantly reduce the rate of progress that PV has

demonstrated in space.
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Another trend that acts to further handicap progress involves the DOD, a major

supporter of PV technology. DOD PV requirements, which in the past closely matched

those of NASA, have diverged significantly as the result of survivability concerns.

Thus, space PV research has lost most of the benefits that common NASA and DOD

objectives provided.

Future D0D requirements, driven by the SDI, are for operational power levels

orders of magnitude greater than today's PV systems. This unquestionably justifies

the pursuit of non-PV power generation options. It does not, however, justify the

opinion that solutions to ultra-high space power needs can be automatically trans-

lated to significantly lower power levels. Unfortunately, this attitude seems to

be gaining some degree of acceptance, further reducing advocacy for a viable PV

program.

SURVIVING THE NEXT DECADE

Although the current situation is distressing, the workshop members agreed

that PV has a future for providing the power for such ambitious objectives as geo-

synchronous platforms, electric propulsion, growth Space Station and a lunar base.

Thus, the issue becomes one of sustaining the PV infrastructure which includes the

space solar cell suppliers, NASA and DOD organizations that provide funding for

the development of advanced PV and the cadre of dedicated researchers who develop

the technology.

There is no doubt that at this time PV technology contains more options, with

respect to solar cell materials, for significantly enhancing space power perfor-

mance than have existed since the demonstration of the solar cell. This is due in

part to the substantial commitment of resources made by the DOE in the area of PV.

The technical momentum generated by the recent emphasis of terrestrial research on

high efficiency has provided a major infusion of ideas and technical talent into

space PV. It is essential that this be encouraged.

Unfortunately, current resources devoted to space PV research and technology

development cannot provide the proper level of support necessary to bring all the

emerging cell technologies such as GaAs, cascade, InP and amorphous silicon to

technical readiness. Priorities must be established to maximize the impact of the

relatively limited funding likely to be available for space PV in the next five to

ten years.

There are a number of ways this might be accomplished. NASA and DOD could

agree that each would only fund one cell technology to avoid redundant support.

There could be cooperative ventures between DOE and NASA or DOD to accelerate a

particularly promising cell technology. Space PV support agencies could leave PV

cell development to the DOE and concentrate on testing and evaluation of DOE

developed technology. All solar array and systems associated development could be

eliminated and all resources devoted to advanced solar cell technology.

Assuring that the cell suppliers survive this bleak period is a more challenging

problem. Its solution involves the realization by NASA and DOD that their present

research and development policies will lead to either a virtual monopoly or no U.S.

supplier of space-qualified solar cells. The current situation with respect to GaAs

solar cells is a classic example of what can occur when a particular organization

is funded externally in order to supply an advanced solar cell. Solar cell suppliers
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cannot be expected to bear the burden of transferring new technology since the nature

of the space PV market does not allow for a high, constant profit margin. Unless

serious attention is given to this situation, it is very possible that foreign sup-

pliers of space-qualified solar cells will be the only option available when PV once

more is required to demonstrate its ability to grow in response to space power needs.

A major objective that should be strongly supported by the PV community is

developing a realistic strategy that does three things. In proper sequence, it is

necessary to: (I) develop and implement an approach to rapidly translate technology

from the laboratory to the supplier, (2) provide regular opportunities to verify the

reliability of new PV technology in space, and (3) spread out the risk or responsi-

bility for employing new PV technology in flight programs.

The responsibility for developing this strategy should be shouldered by those

NASA and DOD organizations involved in supporting PV research and technology develop-

ment. If this challenge is met, then PV will be properly postured to exploit the
opportunities that can exist in the 1990s.

AN OPTIMISTIC SCENARIO FOR THE 1990s

For at least the next five years, power generation options such as nuclear

reactor and solar thermal dynamic systems will continue to receive the attention

and funding support warranted by their potential. If they succeed in demonstrating

their projected performance levels, then the deemphasis of PV technology will have

been a correct decision. However, if they show signs of failing to fulfill their
promise, attention will once more be directed to PV.

PV will become the only means to support most of the mission commitments now

being made on the assumption that alternate, high performance power systems will

become a reality. Among these commitments will likely be geosynchronous platforms

requiring perhaps 50 kW e for periods up to ten years, a growth Space Station that

needs 300 kW e for an indeterminant length of time, electric propulsion which could

require I00 to 500 kW e of power that can survive years in the extremely high radi-

ation environment located between LEO and GEO orbits and a lunar base dependent on

a central power station that can deliver a magawatt.

What aspects of technology should be emphasized now in order for PV to be in

a position to justify the level of support required in the 1990s to sustain the

ambitious plans described previously? The workshop members concluded that the
ultimate driver is cost.

Cost advantages can be manifested in many ways when considering the PV option.

High efficiency translates to a cost advantage in the case of the growth Space

Station where orbital induced drag is of paramount importance. Radiation resistance

and low weight translate to a cost benefit in the case of long lived geosynchronous

platforms and electric propoulsion vehicles used to transfer payloads out of LEO

orbit. Weight and operational lifetime mean cost advantages for a lunar central

power station. Reliability is perhaps the ultimate cost advantage. Here PV has no

competition and can argue its case on flight history and, hopefully, information

obtained from flight experiments.

Thus, it is the opinion of the workshop members that no one particular PV

technology should be emphasized at this time. However, the fact that a number of
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viable options exist to meet the various cost associated PV criteria, such as effi-
ciency, weight and radiation resistance, supports the view that PVhas a good chance
to retain its role as the primary source of power for space missions well into the
21st century.
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N87-26454

InP MATERIALS/CELL FABRICATION

T.J. Courts (Workshop Chairman)

Solar Energy Research Institute

Golden, Colorado

This report describes the main points of discussion, conclusions, and

recommendations of the Workshop on InP held at the NASA SPRAT conference. An

unusual level of interest in this workshop was shown with 37 delegates being

in attendance. The names, affiliations and telephone numbers of these persons

are shown in Appendix I.

The meeting commenced with a presentation by the chairman (T.J. Coutts),

of issues he believed are central to the development of InP as a solar cell

absorber. The object of this was to stimulate subsequent discussion in the

anticipation that the topic may be relatively unfamiliar to most of the

attendees. A copy of all slides used in the chairman's presentation is given

in Appendix II. The key points emerging from the workshop were summarized on

the final morning of the conference. The viewgraphs used for this

presentation are also appended.

I. Chairman's Presentation

It is considered that it will become important to assess the quality of

p-InP crytals supplied by different vendors, whether they are to be used as an

active part of the device or as a substrate for the growth of epi-layers. At

present very few manufacturers will deliver moderately doped (1015-1017 cm -3)

p-type material. Only five have been found so far (slide 4). At SERI, the

analyses shown in slide 5 can now be routinely performed and the capabilities

are being extended systematically. Examples of photoluminescence (PL)

measurement of minority carrier lifetime and its variation with impurity

concentration are shown in (slides 6 and 7). PL has also been used to assess
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the effect of low power rf plasma exposure of substrates and typical spectra

are shown in slide 8. Cathodoluminescence (CL) has also been used to examine

the surfaces of freshly prepared substrates. Slide 9 shows the presence of

many non-radiative defects. In future, attempts will be made to profile the

depth distribution of the defects and to minimize their density using

different preparation/conditions. It is also planned to use high resolution

cross-sectional transmission electron microscopy using a newly acquired ion-

milling machine.

The issue of back contacts to solar cells is one frequently ignored by

researchers, but in reality it is of great importance. In slide 10 the

obvious parameters influencing the contact resistance are shown and in slide

11 the areas which, it is considered, should be studied. Such investigations

are now well underway at SERI and initial results are beginning to clarify the

changes shown in slide 12. The nature of the junction formation was then

discussed and a review of substrate cleaning techniques was presented; see

slides 13, 14, 15. Generally, the effectiveness of cleaning techniques is not

quantified, but the group at SERI (under NASA support) is currently using

monochromatic ellipsometry (in-house) and spectroscopic ellipsometry (in

conjunction with D. Aspnes of Bell Labs) to investigate native oxides and

surface roughness. An example of native oxide growth after cleaning is shown

in slide 16. Using techniques developed more recently, residual oxide

thicknesses have been reduced below 10 A. Slide 17 shows the Raman spectrum

(performed by F. Pollack's group at Brooklyn College) of a freshly polished

substrate. The llne width indicates minimal surface damage and residual

strain. Hence, is seems possible that substrate preparation techniques are

adequate to produce reasonable devices, but the CL study shows that there is

room for improvement in substrate quality.

Techniques for junction formation were then discussed and it was pointed

out that the largest values of Voc had been achieved by the group at Arizona

State University, using a p- on n-substrate; slides 18, 19. A photoreflec-

tance spectrum of an ITO/InP junction prepared by (ion-beam) sputtering is

shown in slide 20 (obtained at Brooklyn College), and the sharpness of the

features again indicates that reasonable quality devices are being made.
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Techniques like this should be applied by other workers using different

fabrication methods.

An estimate of the maximum probable AMI.5, 100 mW cm -2 efficiency was

then made (slide 2]). This was 23%; i.e., approximately equal to that of GaAs

devices. It was pointed out that further improvements will probably depend on

the development of cells grown by OMCVD. SERI and several other groups are

now investigating this possibility. Technological aspects of optimized grid-

ding and AR coatings were then discussed (slides 23, 24, 25, 26). SERI has

put considerable effort into these topics over the duration of the NASA con-

tract and it is expected that this ground work will be very valuable when good

quality junctions are being produced. Slide 28 shows a summary of the highest

efficiencies reported in the literature for InP based cells.

Finally, in slide 29 other issues were raised. Not least of these is the

question of reporting efficiencies accurately. It was emphasized that there

is a great need to report AM0 data for cells of realistic area and under well

defined experimental conditions; and to report only total area efficiencies.

Issues were also raised on the reliability of radiation resistance data; on

the cost of InP (this is falling, but needs to fall much further), and on the

chemical stability of significant interfaces. Under the category "Others",

issues related to increasing the power/mass ratio, utilizing concentrator

systems, the use of non-InP substrates for epi-films etc were raised. Discus-

sion of these will be left until the end of the report on the main points

emerging from the workshop conversations, subsequent to these opening remarks

by the chairman.

II. Workshop Discussions

2.1 Need to Increase Efficiency of InP Based Cells

At present, the highest efficiency reported for an InP based cell is

around 15% (AM0). This is based on a calculation performed by I. Weinberg of

NASA Lewis Research Center on a result reported by the Japanese group at

N.T.T. Although 15% is very encouraging, the device cannot really be taken

seriously until substantial improvements have been made; despite its excellent

radiation resistance. There is scope for improvement in Jsc, Voc and fill-
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factor, but particularly in the first two of these. The largest value of

AMI.5, 100 mW cm -2 reported is 27.7 mA cm -2 (ITO/InP discussed by Coutts at

this meeting). From the spectral response of this cell it was calculated that

Jsc at AM0 would be 33.5 mA cm -2 which for an 8% grid coverage, translates to

36.5 mA cm-2 active area. With improved gridding and AR coating, an upper

limit of 37 mA cm -2 would seem realistic, for the total area. This is equiva-

lent to 90% x the maximum theoretical value which is comparable to that

achieved for more mature technologies.

There was extensive discussion about the maximum achievable Voc. Finally

a value of 0.7 x Eg = 945 mV was agreed upon, again by comparison with GaAs.

The highest Voc reported to date is 845 mV (by Shen et al, at this meeting)

so, as with Jsc' there is an estimated improvement of about 10-12% to be made.

If such an improvement in Voc were made there would also be a significant

gain in FF, and an estimate of 85% was made for the practicable maximum.

Hence, the participants of the workshop believed that a well-funded program on

InP cells could ultimately lead to an AM0 efficiency of 21.7%. This rather

startling figure caused a reconsideration, based on intuition, and one or two

participants felt that 20.5% was perhaps a more realistic target. Earlier in

the meeting, Goradia had made a similar prediction.

2.2 Means of Improving Efficiency

Although InP is usually believed to have a low surface recombination

velocity, it was suggested that passivation would nevertheless, lead to

further significant gains in Voc. A lattice matched ternary window layer to

InP, analogous to AIGaAs/GaAs, is a possibility, and one which may be

appropriate is AiAsSb. The disadvantage of this material is that it may be

difficult to grow an abrupt AiAsSb/InP interface. Assuming that the devices

are ultimately based on epitaxially grown InP, the transition to AIAsSb will

of necessity be more demanding than that from GaAs to AiGaAs. Considerable

effort has been made to passivate the surface of InP with various insulators

for MISFET's. Varying degrees of success have been achieved and this is

another area worth studying in the present context. It may, for example, be

possible to fabricate devices based on the PESC design used for Si cells.
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Advances could also be made using deeper junctions but this would neces-

sitate a substantial improvement in the materials properties and, in parti-

cular, in the minority carrier lifetime. Improvements in material quality of

substrates were also believed to be important and the need to characterize

crystals supplied by different vendors was emphasized.

Finally, there are substantial improvements to be made in efficiency

merely through better gridding and A.R. coatings. The internal quantum effi-

ciency of many devices is already high, but substantial losses result from

lack of attention to processing aspects.

2.3 Efficiency Measurements

At present, efficiencies quoted in the literature tend to lack any stan-

dardized form. Worse, it is not always clear whether a particular measurement

refers to AM0, AMI, AMI.5 or some other air mass number, what simulator was

used, whether total or active area was used, and what the measurement tempera-

ture was. Hence, workers in the field are encouraged, at least, to specify

their measurement conditions accurately. A further preference was expressed

that measurements should all refer to AM0, since these cells are more likely

to be used for space, rather than terrestrial applications.

Finally, the view was expressed that data would be much more significant

if larger area devices were made. Clearly, much greater inaccuracies result

for small area cells. An acceptable area was, however, not defined, but areas

greater than 0.3 cm 2 are to be preferred.

2.4 Radiation Testing

The present high level of interest in InP based cells results from their

excellent radiation resistance. It is necessary, therefore, that these

results (mainly of the Japanese group) be confirmed. It is also necessary to

perform the radiation tests on devices of as high efficiency as are available.

This is particularly relevant since there are indications that radiation

resistance may be a function of impurity concentration, which in turn

influences efficiency. Hence, it may be that high efficiency and high radia-

tion resistance are mutually exclusive.
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In this context, radiation damage models should be developed to identify

the defects leading to degradation, and to account for the apparently high

radiation resistance.

This has also raised the issue that there may be materials with even

greater radiation resistance than InP. Might it be possible to predict these

in advance rather than devoting years of study to a less than optimum

material?

2.5 Future Developments

At some point it will be necessary to increase the power/mass ratio of

these cells. To date, only cursory studies have been made and it may be

advisable to initiate more thorough systems studies at an early date.

Since cost is of pre-eminent importance (as stressed by J. Scott-Monck in

the final workshop presentation of this conference) a reduction in the cost of

InP is necessary. Early consultations with substrate suppliers could there-

fore be advantageous and could lead to forecasts of cost/supply. Alterna-

tively, studies of InP growth on other low cost substrates would seem to be a

promising area, even if technically complicate_. CLEFT studies could also

lead to cost reductions and, funding permitting, should be pursued.

Finally, concentrator studies should be initiated with a view to deter-

minign cost and system design considerations. This could include determining

the optimum concentration ratio, the reduction in radiation damage by the

concentrator optics etc.
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Appendix I Attendees at InP Workshop

Attendees Affiliation Phone No.

Tim Coutts

Kou-I Chang

Paul R. Aron

Ruth A. Narayanan

James B. McNeely

Gerry Negley

John Stupica

Mircea Faur

George Mazaris

Ralph Thomas

Hans Rauschenbach

James Geier

Roger Gillette

Russell E. Hart Jr.

Lan Hsu

Kwan-Yiu Choi*

Clifford Swartz

E.Y. Wang

R.W. Hoffman Jr.

Gerald Cootty

Dave Li!lington

Allen Barnett

C.C. Shen

Robert Y. Loo

Ram Kachare

,
Mark Spitzer

,
Irv Weinberg

Stan Vernon

Wayne Anderson
,

Jose M. Borrego

SERI

ASEC

LeRC

Hughes

Astropower

Astropower

Cleveland State Univ.

Cleveland State Univ.

NASA Lewis

NASA Lewis

TRW

Cleveland State Univ.

Boeing

NASA Lewis

Rockwell

Arizona State Univ.

NASA Lewis

Arizona State Univ.

Svendrup/LeRC

Jet Propulsion Lab

Spectrolab Inc.

Univ. of Delaware

Arizona State Univ.

Hughes Research Lab

Jet Propulsion Lab

SPIRE

NASA Lewis

SPIRE

SUNY-Buffalo

Rensselaer Polytechnic Institute

(303) 231-1261

(213) 317-5076

(302) 366-0400

(302) 366-0400

(216) 687-3537

(216) 433-2227

(216) 433-2293

(213) 535-7790

(206) 773-9802

(216) 433-2233

(213) 594-3687

(602) 965-2924

(216) 433-2232

(602) 965-3749

(216) 433-2235

(818) 354-6500

(818) 365-4611

(302) 451-8784

(602) 965-4456

(213) 317-5593

(818) 354-4790

(617) 275-6000

(216) 433-2229

(617) 275-6000

(716) 636-3109

(518) 266-6684
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Tim Gessert

Anne Arrison

Mark Wanlass

Frank Junga

Chris Keaney

Delores Walker

Richard Statler

SERI

NASA Lewis

SERI

Lockheed R&D

SPIRE

Naval Research Lab

Naval Research Lab

(303) 231-1870

(216) 433-2238

(303) 231-7632

(415) 424-2227

(617) 275-6000

(202) 767-2446

(202) 767-2446

37 Attendees

+Chai rman

*Paper presented on InP (paper on InP also presented by Chandra Goradia of

Cleveland State University).
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APPENDIX II - InP Workshop Slides

RELATIVE RADIATION RESISTANCES OF Si, GaAs, and InP HOMOJUNCTION CELLS

Source:

Normakzed maximum power

0.9- _ _ _ GaRs
(n/pl

0.8-

0.7-

0.6-

, 1 I 1 I

0 10' 10 "_ 10" 101'

10 MeV IXoto_ fluence ( cm -_ )

Weinberg et al, IEEE Photovoltaic Specialist Conf., Las Vegas, 1985

S11de I.

Objectives

• Io assess existing knowledge

• To identify areas of limited knowledge

• To recommend key research directions

Slide 2.
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SUBSTRATES

Ql: What do we know about the

optimum impurity concentration?

Obvious parameters affected are:

• Space charge width

• Minority carrier lifetime

• Minority carrier diffusion length

• Contact resistance

• Radiation resistance

• Others?

Slide 3.

Q2: What is known about relative

quality of substrates from different

suppliers? e.g.,

• MCP (Crystal Specialties)

• Cambridge Instruments

• Crysta-Comm

• Scientific International

• Sumitomo

See also, Solid State Technology 1986,

Process and Production Buyers Guide

Slide 4.
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Substrate Quality (cont.): 

ORIGMTAC PKGE E3 
OF POOR QUALI'IY 

Probably no comparative studies exist. At SERI 

We  are starting to examine: 

Diffusion length - electrolyte SPV 

Lifetime - photoluminescence decay 
Impurity states - low-temperature 

photoluminescence 

Nonradiative defects - cathodoluminescence 

Defects - high-resolution cross-sectional TEM 

Slide 5. 

Slide 6. 
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V A R I A T I O N  OF MINORITY CP.RRIER L I F E T I M E  WITW 
IFIPURITY CONCENTRATION MCP MATERIALS 

S l i d e  8 .  

316 ORIGINAL PAGE IS 
OF POOR QUALITY 



r o m  1 P 

Slide 9. 

93:  What d o  w e  know about back-contacts? 

Very little work done o n  contact resistance 

t o  p-InP. Usually Au/Zn, Au/Mg, Au/Be used. 

Identifiable variables are: 

Alloying temperature and duration 

Gaseous envi ronment 

Ratio of group II /Au 

Method o f  deposition 

Substrate preparation 

Slide 10. 
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Contac ts  ( c o n t . ) :  

Very l i t t l e  known about :  

1 os 

i a  

Lower l i m i t  o f  r 

N a t u r e  o f  r e a c t i o n s  a t  i n t e r f a c e  

e 

What e s t a b l i s h e s  o h m i c i t y  

Long- te rm r e l i a b i l i t y  

S l i d e  11. 

Formation of Au:l %Be Contacts on p4nP 
(N,-N, = 3 x 1016cm'3) 

\ 
z 

\ 
\ 

\ 
-. 

I Before annealing After annealing at 
I (1 pA/div. vertical, 375" C for 10 minuter 
\ 2 V/div. horizontal) (1 0 mA/div. vertical \ 1 V/div. horizontal) 

t \ 
\ / 
& / 

\ PI '. / 

Change' of cdor 

I 1 I I I I 

325 375 425 475 525 575 
Anmaling temperature ("C) (10 minutes duratlon) 

S l i d e  12 .  
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JUNCTION FORMATION

Ql: What do we know about cleaning techniques

prior to Junction formation?

• Various cleaning techniques recommended

• Nothing readily quantifiable

• Can examine surface elllpsometrlcally to

determine thickness of native oxides

• Can use spectroscopic elllpsometry to

obtain Cl(_) and c2(k)

Slide 13.

Cleaning Techniques:

Both wet chemical and gas phase used, typically

after degreaslng in organic solvent.

Wet chemical etches include:

• Br/methanol (0.2 - 3.0 v/o)

• Br/HBr/H20 (I:12:68)

• H2SO4/H202/H20 (4-20:I:I)

• HCl/H20 (2:1)

• Lactic acld/HNO3/HF (50:8:2)

• Additional solutions including H3P04, NaOCl, NH40H

Slide 14.
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Cleanlng Techniques (cont.):

ya__ap_9_E_P__asebefore VPE growth

• HCl gas

• Ethylene dlbromlde vapor

Substrates often held at elevated temperature

in phosphorus rlch environment to volatilize and

drive off native oxides.

Techniques generally successful but not quantified.

Small differences may have major influence on

interface and device properties.

Slide 15.

Growth of

Thickness (/_)
24 w

22-
Rate of growth -

Native Compound on Clean <1007 InP

20

18

18

14
0.1

1.5 /_/decade of hours

B

i,,s

l 1

1 10 100
(hours)

Slide 16.
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Raman Spectrum of Polished InP Substrate

(N A - N D - 3 x 1016cm "3)

4.5 cm"

I
341 347
Ram_ 8Nft (¢m")

Slide 17.

Q2 What do we know about Junction formation?

Three techniques reported in 11terature:

• RF sputtered !TO (SERI/Newcastle)*

• Ion-beam sputtered ITO (SERI)**

• Diffused Junction (Nil, Oklahoma, Rutgers)*

*Probably homoJunctlons

**Probably a true heteroJunctlon

Slide 18.
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Junction Formation (cont.):

Limitations of these devices are:

• Homojunctlons have nonoptlmal blue response

reduced V and FF
• Damage causes excessive Jo' oc'

• With diffused junctions the problem Is not

so severe and V = 845 mV
OC

Slide 19.

(T

1.2

Photoreflectance Spectrum of
Polished InP Substrate

I I I 1 1

77 K, N A- N o _ 3 x lO_6crn -31

- i V
Impurtty

D_rect edge

I 1 I I I

1.3 1.4 1.5 1.6 1.7

Enorgy ( eV )

Slide 20.
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Optimized Junction:

Should be possible to achieve:

• V
oc

• J
sc

= 900 mV

= 31 mA cm-2 (maximum possible =

36 mA cm-2)

• FF = 82 %

Therefore, n (AMI.5) = 23% should be achievable.

Slide 21.

Optimized Junction (cont.):

Major area for development is reduction of J
o"

SERI is studying various methods of Junction

growth and in particular will very soon have

an OMCVED apparatus commissioned. Related

activities include:

• Device modelling

• Growth of "special" structures

• Development of in-sltu elllpsometry to study

nucleation and growth

S11de 22.
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Technological Aspects:

• Grid optimization - straightforward, but often

ignored. Routines available at SERf to optimize

simple grids, provided relevant electrical

parameters (resistivity, contact resistance,

etc.). Device Modeling Group offers this as a

service.

Slide 23.

Technological Aspects (cont.):

• AR coating design

Once again, usually neglected.

We now have data on n(X) and k(x) for:

• InP (spectroscopic elllpsometry)

• ITO (spectrophotometry)

• MgF 2 (spectrophotometry)

We have not yet examined texturing.

Slide 24.
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O'UGGnk- p4 
OF POOR GE 

Power Loss in Cell Associated with the Grid QUAtrTy 

Power loss ( X )  
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S l i d e  25. 

S l i d e  26. 
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REFLECTANCEFROMITO/InP
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Slide 27.

Summary of Performance of
Various InP Based Solar Cells

Jsc Voc Area

Group Structure I'} { % ) ( mA cm 2 ) ( mV ) FF ( cm 2 ) Air Mass

Newcastle ITO / k'_P 16.2 26.9 768

(Coutts et al)

Nowcastle ITO/InP "-' 12.3" ? ?

76.7 "_ 1.0 1.6

? "_ 4.0 0

Rens solaor n°-p 16.3 24.7 800 81.6 0.313 1

(Parat ot al)

R_',sselaof" n*-p 14.2 30.8 814 78.8 0.313 0

N.T.T. n*-p 21.4 31.1 832 82.8 0.250 1.6

( Yamaguohl ot al )

N.T.T. n°-1)-p * 20.0 30.0 830 80.0 0.260 1.6

N.T.T. p*-n 18.1 28.2 836 78.8 0.260 1.6

N.T.T. p*--l--n 22.0 36.8 811 76.0 0.280 1.6

l_wcastlo C,dS/InP 18.3 23.8 813 80.0 "_'0.65 1.6

(Hlmrano)

Slide 28.
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Other Issues

• Efflclencles claimed by NTT overstated?

• Is the radiation resistance a lasting phenomenon?

• Is the cost of InP problematic?

• What do we know about interface stability,

disregarding radiation?

• Others.

S11de 29.
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APPENDIX III- Workshop Summary Viewgraphs

INP WORKSHOP SUMMARY

BEGAN WITH A SHORT PRESENTATION TO SUGGEST TOPICS POSSIBLY SUITABLE FOR DISCUSSION. SET

AS OBJECTIVES:

0 IDENTIFY AREAS OF LIMITED KNOWLEDGE

0 RECOMMEND KEY RESEARCH ACTIONS.

STRESSED THE NEED TO ASSESS THE QUALITY OFSUBSTRATES AND TO CHARACTERIZE THEIR

ELECTRO-OPTICAL PROPERTIES. POSSIBLY COMPARE MATERIAL FROM DIFFERENT VENDORS.

ALSO FEEL SUBSTRATE PREPARATION PRIOR TO JUNCTION FORMATION MAY BE IMPORTANT.

CONTACT FORMATION IS NOT MUCH STUDIED AND COULD ALSO BE RELEVANT.

DIFFERENT JUNCTION FORMATION TECHNIQUES. SPUTTERING OF ITO. DIFFUSION. OMCVD - ALL GIVING

ENCOURAGING RESULTS.

WIIATIS ULTIMATE REALISABLE EFFICIENCY?

VOC = 900 MV

Jsc = 31 MA CM-2

F.F. = 82%

;. I_ = 23%

MY GUESS. FOR AM .S WAS

DISCUSSED THE NEED FOR PROPERLY ENGINEERED CELLS. I.E.. OPTIMISED GRIDS AND AR COATINGS.
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KEY POINTS FROM DISCUSSION

NEED TO INCREASE EFFICIENCY SIGNIFICANTLY

ALL CELL PARAMETERS, NOT JUST Voc

TARGETS COULD BE

Jsc = 0.9 x Jsc (THEORY) = 37 MA CM -2 (AMO

37.2 MW cM-2)

Voc = 0.7 x .35 = 945 MV (+ ?)

F.F. = 85%

II MAX = 21.7%

STILL SEEMS RATHER HIGH (INTUITIVELY)

CF BEST JAPANESE RESULT 15%

HOW DO WE IMPROVE EFFICIENCY?

SURFACE PASSIVATION INCLUDING LATTICE MATCHED WINDOW LAYERS OR DIELECTRICS

DEEPER JUNCTIONS

- NOVEL STRUCTURES

- BETTER UNDERSTANDING OF MATERIALS QUALITY. WHAT DO DEFECTS IN THE SUBSTRATES

DO? NEED FOR BETTER SUBSTRATES CHARACTERIZATION.

- BETTER TECHNOLOGY, I.E., GRIDDING AND AR COATING, I.E., HIGHER EXTERNAL QUANTUM

EFFICIENCY.
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EFFICIENCYMEASUREMENTS

- NEEDTOSTANDARDISEONAMO

ATLEASTSPECIFYACCURATELYMEASUREMENTCONDITIONSUSED.

- STRESS'LARGE'AREASTOLENDMOREMEANINGTODATA.

0 RADIATIONTESTING

- NEEDTOCONFIRMDATAFROMNTT

ENSUREHIGHEFFICIENCYCELLSTESTED

- CANWEATTAINHIGHEFFICIENCYANDSTILLMAINTAINGOODRADIATIONRESISTANCE?

- CANRADIATIONDAMAGEMODELSBEDEVELOPED?

- ARETHERESTILLBETTERMATERIALSTHANINP?

- NEEDTOKNOWMOREABOUTDAMAGEMECHANISMS

FUTUREDEVELOPMENTS

- HIGIt POWER/MASS RATIO

- REDUCE MATERIALS COST

- CONCENTRATOR STUDIES

- ALTERNATIVE SUBSTRATES

- CLEFT POSSIBILITIES
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